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SYSTEMS AND PROCESSES FOR PROVIDING 
nWROGENTOFUELCEUS 

CROSS REFERENCE TO RELATED APPUCATJONS 
5 This application claims the benefit of Canadian i'atent Application No. 2,324,^99, filed 

October 27, 2000, and Canadian Patent Application No. 2,324,702, filed October 27, 2000, the 

disclosures of wliich are incorporated herein by reference. 

FmiD OF THE DISCLOSURE 

10 The present disclosure relates to a fuel cell-based electrical generation system that enhances 

the efficiency and durability of the fuel cell. 



BACKGROUm 

Fuel cells provide an «ivironmentally fiiendly soiuice of electrical current. One form of fuel 

15 cell used for generating electrical power, particularly for vehicle propulsion and for smaller scale 
stationary power generation, includes an anode diannel for receiving a €ow of hydroga);«gas, a 
cathode diannel for receiviiig a flow of oxygen gas, and a polymer electrolyte membraneXi^M) 
which sqiarates &e anode channel fiom the cathode diannel. Oxygen gas whidi enters &e<:afl)ode, 
reacts with hydrogen ions, which -cross ^e electrolyte to generate a -flow of electrons. 

20 •Environmentally safe water vapor is produced as a b>product. 

External production, purification, dispensing and stor^e of hydrogen<either asxx»npr«ssed 
^gas or cryogenic liquid) requires^stly infi^astructure, i^diile storing of hydrogen fuel on vdiides 
presents considerable techm'cal and economic ijarriers. Accordingly, for stationary power^generation, 
it is preferred to generate hydrogen fi-om natural gas by steam reforming or partial oxidation followed 

25 by water. gas shift reaction. I^or fuel cell vehicles using a liquid fuel, it is prefiBrred to.generate 
hydrogen fi-om methanol by steam reforming or *fix)m'>ga5oline<by partial oxidation or auto^ermal 
reformingjiagain foHowed.4;y-watcr-gas shift reaction. ^However, the resulting hydrogen -contains 
contaminants, such as carbon monoxide and carbon dioxide impurities, that cannot be tolerated 
respectively by the PEM "fuel-cell oatalytic electrodes innuM-e than trace levels. 

30 The conventional method of remoNing residual carbon monoxide fiom the hydrogen feed to 

PEM fuel cells has been catalytic selective oxidation, which oompromises efficiency as bo& the 
carbon monoxide and a fiction of tise hydrogen areoonsumed by low temperature oxidation, without 
any recovery of Ae heat of combustion. Palladium diffusion membranes can be used^for hydrpgm 
purification, hui have the disadvantages of delivering purified hydrogen at 4ow pressure, and also the 

35 use of rare and costly materials. 

Pressure swing adsorption s^'StemsXPSA) have the attractive features of being able to 
provide continuous sources of oxygen and hydrogengas, without s^ificantoontaminant levels. PSA 
systems and vacuum pressure swing adsorption s>'stems (VPSA) separate gas firactions fi-om a gas 
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mixture by coordinating pressure cycling and flow reversals over an adsorber or adsorbent bed, which 
preferentially adsorbs a more readily adsorbed -gas compon«it relative to a less readily adsorbed^as 
component of the mixture. The total pressure of &e-gas mixture in^e adsorber is elevated while the 
gas mixture is flowing through the adsorber ^om a first aid to a second end thereof and is reduced 
_ '5 while the gas mixture is flowing tivougb fte adsoihent from the second end back to die first end. As 
the PSA cycle is repeated, the less readily adsorbed component is concentrated adjacoit the second 
end of the adsorber, while the more readily adsorbed eomponent is concentrated adjacent ^e^m end 
of the adsorber. As a result, a "light" product (a gas fraction depleted in the moie readily adsoibed 
component and enriched in the less readily adsorbed component) is ddivered from the second end of 
10 Ae adsoiber, and a 'lieavy" product^a^-fi^onenriched in the more strongly adsoi^ 
component) is exhausted ^from Ae first end of &e adsorbo*. 

Nunierous copper-based, CXD-selective adsorbents have been disdosed-byliabo et al<US. 
Patent No. 4;0 19,879), Hirai<U.S. Patent No. 4,5«7,1 14), Nishidaet al-XU.IS. Patent No. 4,743,276), 
Tajiraa et al. <U.S. Patent No. 4,783,433), Tsu^i el al <U.S. Patent No. 4,914j076), Xie et al. ^.S. 
15 Patent No. 4,917,71 l), jGoldenet al. (U.S. Patent Nos. 5,126,310; 5,258,"571; and 5,531,809), and - 
Hable et al.tU.S. Patent No. 6,060,032). Use of some such GO-s^tive adsorbents in-pressure 
swing adsorption processes for removal or eoncentration of 00 has been commercially established at 
industrial scale. 

Using certain adsorb«its for removing CX)#omTefbFmatefor P£M^e] cells has-been 

20 investigated by researchers at the Argonne National Laboratory, as reported in die 1 998 aimual report 
of die Fuel Cells for Transportation Program of the U.S. Department of Energy, OfBcc of Advanced 
Transportation Technologies. Bellows <U.S. Patent No. ^,-604,047) discloses using selected noble 
metals, and the carbides and nitrides of-certain meta]s,-es caibon monoxide adsorbents in a steam 
displacement purge cycle for removing CO from refoimate feed to fiiel cells. 

^25 However, die conventional system for implementing pressure -sviing adsorption or vacuum 

pressure swing adsorption uses two or more stationary adsorba-s in parallel, with directional valving 
at each end of each adsorber to eonnect the adsorbers in alternating sequence to -pressure sources and 
sinks. l%is system is cumbersome and expoisive to implement due ^ the large size of the adsorbers 
•and flic complexity of the valving required. Furflier, the conventional PSA system 4ise of applied 

30 en«-gy inefficiently because of irreva^*ble rgas expansion steps as adsorbers are cyclically pressurized 
and depressurized within thePSA process. Conventional PSA sj'stems could not be applied to fuel 
eel) power plants for vehicles, as such PSA systems are &r too bulky and heavy because of their low 
cyde frequency-and consequently lai^e adsorbent inventory. 

Ano&er problem is the need for air compression with a substantial mechanical parasitic load 

35 to achieve high power density and high voltage efficiency with PEM fuel cells, either in the absence 
of PSA in prior art fuel cell systems, or to a lesser extent with the use of PSA to increase oxygen 
concentration. If, as usual by ^e case, mechanical power is provided by an electric motor powered by 
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fbe fuel cell, significant efSciency losses occur in electrical power conversion and conditioning for 
variable speed compressor drive, and tbc fuel cell stack must be substantially lai^er to support this 
parasitic load as well as the q^plication load to vMch useful power is delivered. In prior art PEM iael 
cell power plants for automotive and o^ transportation applications, approximately 20% of llie 
5 gross power output of the fuel cell is diverted to the parasitic load of air compression; 

Yet another problem arises in die need to provide heat for endothennic fuel processing 
reactions to generate low purity reformate hydrogai from hydrocarbon fuels <e.^. natural gas,^asoline 
or diesel fuel) or oxygenate fuelsXe.g. methanol, ^anol or dimeOiyl ether). In ^e prior art, die 
necessary heat for steam reforming of natural^as or methanol is provided least in part ^y 4)unuQg 

10 hydrogen provided as anode tail gas from the fuel«ell. Especially in the case of meflianol reforming, 
which can be perfonned at relatively low temperature, combustion of valuable hydrogen tOrgenerate 
sud) low^ade heat is extremely detrimental to overall energetic ^ficiency. 

Likewise, the necessary heat for processing heavier fiiels, such as gasoline, is achieved by 
combusting a portion of^e fuel in a partial oxidation or autofhermal reforming process. Again, a 

15 portion of tfie high-grade fuel is-consumed to upgrade the remainder of diat fuel to low purity 
hydrogen than can be purified for use in the fuel cell. With a low temperature fuel <jell, thermal 
efficiency of prior art foel processing systems has been extremely low, as higji grade fuel is 
consumed. No opportunity has been found for efficient thermal integration between a hi^ 
temperature fuel processor and a low tempmture fuel-cell in transport ^plications. 

20 Combined cycle power plants with a ^ as turbine cycle integrated with a fuel cell system have 

been disclosed. Fuel <:ell auxiliary power units have been proposed for automobiles and passenger 
railcars with internal combustion engines as primary power plants. PCT Patent Application 
Publication No. WO 00/14425 provides examples of how PSA units may be integrated with^gas 
turbine power plants, or with fuel cell power plants having a gas turbine auxiliary engine. 

25 

SUMMARY OF THE DlSCJA)SimE 
The disclosed fuel-cell-based electrical igeneFation S}^ems and processes address the 
deficiencies of the prior art fiiel cell electrical ^generation s^'stems. This is particularly true for 
purification of reformate hydrogen, enei^-efBcient PSA oxygen enrichment, heat i^voy from the fuel 
30 cell stack and/or fitim combustiim of hydrogen PSA tail gas, and tiiermal powering of air compression 
for the oxygen PSA and of any PSA vacuum pumping so as to minimize the size of die costly fuel cell 
stack while maximizing overall energetic efficiency of oiergy conversion from die raw fuel. 

In general, the disclosed electrical current generating s^'stems comprise a fuel cell, an oxygen 
gas delivery system, and a hydrogen gas delivery system. The fuel cell can include an anode diannel 
35 having an anode gas inlet for receiving a supply of hydrogen gas, a cathode channel having a cathode 
gas inlet and a cathode gas oudet, and an electrolyte in communication with die anode and cathode 
channel for facilitating ion transport between die anode and cathode channel. The oxygen €&s 
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delivery system is coupled to the cathode gas inlet and delivers air or oxygen Xe.g. oxygen eniidied 
air) to the cathode channel. 

The oxygen gas delivay system may simply be an air blower. However, in certain 
^bodiments it may incorporate an oxygen pressure^wing adsorption system, i^or example, a ix>tary 
5 PSA system can be used conq)nsing a rotary module having a stator and a rotor rotatable relative to 
the stator, for enriching oxygen gas from air. The rotor includes a number of flow paths for receiving 
adsorbent material therein for prefer^tially adsorbing a first-gas component in response to increasing 
pressure in the flow paths relative to a second gas conq>onent The pressure swing adsorption system 
also may include <ximpression machinery coupled to the rotary module for fecilitating gas flow 

10 through the flow pa^s for separating the first 'gas<x)mponent fiom the second gas component 
Described embodiments of ^e PSA system include a stator having a first ^tor v^ve surface, a 
second stator valve surface, and plurality of function compartments opening intc the stator valve 
surfaces. The function compartments include a^as feed compartment, a4ight reflux exit compartment 
and a light reflux return con^artment 

15 In one variation, die compression machinery comprises a compressor for^elivering 

pressurized air to the gas feed compartment, and a light reflux expander positioned between and 
fluidly coupled to the light reflux exit compartment and the light reflux return compartment A ^gas 
recirculating compressor is coupled to 4he light reflux •expander for supplying oxygen gas, exhausted 
fi-om die cathode gas oiitlet, under pressure to the cathode.gas inlet As a result, energy recovered 

20 fi-om fte pressure swing adsorption system can be applied to bbost the pressure of dxygen^gas 
delivered to the cathode gas inlet 

The oxygen gas deliveiy s>'stem is coupled to the cathode^as inlet and <!elivers oxygen^ 
to the cathode channel. The hydrogen^as delivery system supplies purified hydrogen gas to the 
anode gas inlet, and may recirculate hydrogen gas fi-om the anode gas exit back to "die anode gas inlet 

25 with increased purity so as to avoid accumulation of impurities in the anode channel. 

In one variant of the above-described embodiments, ^e oxygen gas separation s>'stem 
comprises an oxygen pressure swing adsorption system, the hy drogen^gas separation system 
xx)mprises a reactor for producing a first hydrogen gas feed from hydrocarbon fiiel, and a hydrogoi 
pressure swing adsorption system is coupled to the reactor for purifying hydrogen^gas received fi-om 

30 the first hydrogen .gas feed. Hydrogen gas torn the anode exit may be recirculated to the hydrogen 
pressure swing adsorption system as a second hydrogen gas feed. Both pressure swing adsorption 
systems may include a rotary module having a stator and a rotor rotatable relative to die stator. The 
rotor includes a number of flow paths for receiving adsorbent material therein for preferentially 
adsorbing a first gas component in response to increasing pressure in the flow padis relative to a 

35 second gas component The function compartments include a gas feed compartment and a heavy 
product compartmoit 

The feed gas to the hydrogen PSA system is reformate gas or syngas, generated in alternative 
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foci processing methods known to the art by steam refonning (e.g. of methanol or natural gas or li^ 
hydrocarbons), or by autothemal reforming or partial oxidation ("POX")<e.g. of natural gas,.gasoline 
or diesel foel). The<:O contaitofmethanolreformate.(generated by relatively tew temperature s!^ 
refonning of methanol) is typically about 1% or somewhat less. Other fuel processcxrs<e.g. steam 
5 methane reformers, and POX or autotiiermal reformers operating on any feedstock) operate at a much 
higher tempCTature, and preferably include a lower tempwature water gas shift reactor stage to reduce 
to XX) content to about 1% or less. 

The reformate gas contains hydrogen plus the basic impurity components ofC02, €0 and 
water v^or. If generated by air-blown K)X or autotfiermal reforming, die reformate^as wUI also 

10 contain a large in^ fraction of nitrogen and ai^on. The fraction of inert atmospheric gases <»n be 
greatly reduced if an oxygen PSA system is used to supply the POX or autothermal reformer, either 
directly from Ae PSA, or as humid and still oxygen enriched air that has been passed through the fticl 
cell cathode channel, which was directly fed oxygen-oiriched air-from the PSA. 

In one variation, Ae oxygen pressure swing adsorption system includes a compressor 

15 coupled to the gas feed compartment for delivering pressurized air to^ gas feed compartment, and a 
vacuum pump coupled to the compressor^for extracting nitrogen product -gas from die heavy product 
compartment The hydrogen reactor comprises a steam reformer, including a burner,- for producing 
syngas, and a water gas shift reactor coupled to the steam refonner for converting some CO to 
hydrogen. The hydrogen pressure swing adsorption system includes a vacuum pump for delivering 

20 foel gas from the heavy product compartment to the burner. Thcfoel gas is burned in the burner, and 
the heat generated therefrom is used to supply the endothermic heat of reaction necessary for the 
steam reformer reaction. The resulting reformate gas is delivered to the water gas shift reactor for 
removal of impurities, and then delivered as the impure hydrogen gas feed 4o the hydrogen pressm 
swing adsorption s^fstem. 

25 In another variation, the invention includes a burner for burning foel. The reactor •comprises 

an autothermal reformer for producing syngas, and a water gas shift reactor coupled to the 
autothennal reformer for converting the syngas to the impure hydrog^ gas feed. The compressor of 
the oxygen pressure swing adsorption- system delivers pressurized air to the burner, and the heavy 
product .gas is delivered from the hydrogen pressure swing adsoiption s>'st«n as tail:gas to be burned 

30 in the burner. The compression machine of the oxygen pressure wing adsorption system also 
includes an expander coupled to the compressor for driving the compressor from hot^gas of 
combustion emitted from the burner. The feed compressor with Ac expander may be on a common 
shaft with a motor drive, or may constitute a free rotor similar to an automotive turbodiai^er. Hie 
same expander or anoflier expander may be coupled to a vacuum pump to assist die PSA process. 

35 Again, the vacuum pump widi its expander may be pro\nded as a free rotor similar to an automotive 
turbocharger. Heat from the burner may also be applied to preheat air and/or foel supplied to the 
autodiermal refonner. 
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Independently of wheAer PSA is used for oxygen enrichment, tfie disclosed processes and 
sj'stems provide a hydrogen PSA apparatus for purifying the refonnale. The hydrogen PSA may be 
designed to deliver hi^ purity {lydrogen, or«lse may be<2esigned^ess stringently to achieve 
adequately higbremova] of noxious components or contaminants (harmful to the fuel cell) such as 
5 ^CO, H2S, halogens, metfianol, etc. In die latter case, Ae hydrogen PSA would in its first pass only 
achieve partial removal of less harmful constituents<e.^., N:, Ar and CO2). In that case, anode tail 
rgas may be recycled to the feed end of the PSA inlet for use in a feed pressurization step, thus 
avoiding any need for mechanical recompression. Even v^en high hydrogen purity is specified for 
-the PSA, this feature enables a small bleed '^om the end of the anode channel back to ^e feed 

10 pressurization step of the hydrogen PSA, as would be desirable for avoiding a strict dead-headed 
configuration with the risk of accumulation in ^e anode channel of any contaminant slip due to 
-equipment imperfections cr operational transient upsets. 

Accordingly, a first^mbodiment of &e disclosed processes and systems contemplates 
providing a hydrogen*containingrgas stream that includes carbon monoxide, introducing^ 

15 hydrogen-containing^as stream into a pressure swing adsorption module Aat includes at least one 
xarbon monoxide-selective adsorbent to produce a purified hydrogen-containingtgas stream, and 
introducing the purified hydrogen-containing^gas stream to the fiiel -cell anode. A further xlisclosed 
process and system for providing a bydrogen-containing-gas stream to a fuel cell anode inv<^ves 
introducing a hydrogen-containing feed^gas stream into an adsorption module having at least a'first 

20 adsorbent and at least one-second mat^al, and optionally ^hiral materials selected from a second 
adsorbent, a steam reforming catalyst, and a water gas shift reaction catalyst, wherein the-first 
adsorbent and Ae second adsorbent are chemically distinct and at least one of the fiist adsorbent or 
the second adsorbent preferentially adsorbs a -contaminant in &e bydrogen-containmgfeed^^as stream 
to produce a purified bydrogen-containing gas stream. 

25 Operating temperature of ^ Ae adsorbers in the hydrogen PSA unit can be -elevated well above 

ambicritj^^ttie reformate gas is supplied at a temperature after water gas ^hift of typically about 
200*^C, while operating temperatures of PEM fuel cells may extend fi-om about SO^Cto about 100**C 
Alternatively, the adsorbers may be operated at a lowo- temperature if the refonnate is cooled, thus 
providing an opportunity for partial removal of water and any me&anol vapor by oondensation before 

30 adnussion to the hydrogen PSA unit A<!vantages of operation at moderately elevated temperature arc 
<1) refonnate coolers and water condensers upstream of Ae hydrogen PSA can be avoided, ^2)'PSA 
removal of water vapor and CO2 may be more readily achiex ed at moderately elevated temperature 
compared to ambient temperature, (3) CO can be more selectively adsorbed than CO2 over Cu(I> 
loaded adsorbents, particularly at elevated temperature, and (4) kinetics of 00 soiption and 

35 desorption on CO-selecti vc sorbents may be .greatly enhanced at higher temperature. Consequently, 
in certain embodiments the operating temperature range for the adsorbers is fi-om about SO^'C to about 
200**C, and a more particular operating range is fiom about 100**C to about 160**C. As used herein. 
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"operating temperature of tiie adsoite^" denotes ihc temperature of a gas flowing fhrou^ the 
adsorbers and/or the temperature of the adsorber beds. 

The hydrogoi PSA unit may be configured to support a temperature -gradient along 
length of the flow channels, so that the temperature at the first end of the adsorbers is higher &an the 
5 temperature at the second end of the adsorbers. 

Especially for low purity hydrogen with anode recycle, the hydrogen PSA may use<X)- 
selective adsorbents with CO-complexing ions, such as Cu(I) or Ag (e.g, Ag(I)), introduced by ion 
exchange or impregnation into a suitable adsorbent carrier or support Prior art CO-selective 
adsorbents have used a wide divoisity of zeolites, alumina «r activated carbon adsorb^its asxairiers 
1 0 or polymers as supports. With GO-selecti ve adsorbents, enhanced hydrogen recovery may be 

achieved while tolerating some accumulati(Hi of non^OO impurities<irculated throu^ the fuel cell 
anode ioop. 

Potential problems with GQ-selective adsorbents used to purify hydrogen from reformate 
indude<l} compatibility widi i^^ater vapor &at may deactivate tiie adsorbent or cause leachirig of 
•15 impregnated eonstituents,<2) overproduction by hydrogen, causing the GO-complexing ion to r^uce 
to inert metallic form, and (3) relatively slow kinetics of CO<omplexing as compared to physical 
adsorptiort 

The active adsoibent in die <iisclosed processes and systems (such as a GO-selective 
component) can be supported on thin adsorbent sheets, which are layered and spaced apart by spacers 

20 to define flow channels, thereby providing a hi^-sur&ce-area, parallel passage support vwth minimal 
mass transfer resistance and flow channel pressure drop. With crystaUine adsorbents sudi as zeolites, 
and amorphous adsorbents such as alumina gel or silica*gel, Ae adsorbent sheet is formed by coating 
or in-situ synthesis of the adsorbent on a reinforcement sheet of inert material, e.^. a wire mesh, a 
metal foil, a glass or mineral fiber paper, or a woven or nonwoven fabric. Active carbon adsorbent 

25 may also becoated onto a reinforcement sheet of inert material, but adsorbent sheets of active carbon 
may also be provide as self-supporting carbon fiber paper or clofli. Adsorbers of the layered^ 
adsorbent sheet material may be formed by stacking flat or curved sheets. Alternatively, adsorbers 
may be a spiral roll, with the flow channels between iht sheets extending fi-om the first ^d of ihe 
adsorber to the second end thereof. The adsorbers generally fill the volume of the adsorber housing 

30 of the desired ^hape. Examples of methods and ^tructUKS with packed, spirally vfoimd adsorbents are 
disclosed in commonly-owned, co-pending U.S. Provisional Api^ication No. •60/285 ;527, filed April 
20, -200 1 , and incorpor^ed herein by reference. Typical thickness of the adsoibent €heet may be in 
the range of about lOO to about 200 microns, >^le flow channel spacing betu'een the sheets may be 
in the range of about 50 to about 200 micrt)ns. 

35 According to one variation of the disclosed PSA units, the adsorbrat material contacting the 

flow channels between the first and second ends of the adsorbers may in genera] be selected to be 
difierent in distinct zones of the flow channels, so that the adsorbers would have a succession of zones 
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(eg. a first zone, a second zone, a third zone, a perhaps additional zones) wiA distinct adsorbents 
proceeding along the flow channels from the first end to the second end. As an alternative to distinct 
zones of adsorbents, &e different adsorbents may be provided in layers <>t mixtures tiiat include 
varying gradients of adsorbent'Concentrations along the^gas flow path. The transition fiom one 
5 adsorbrat to anofter may also be a blended mixture of the two adsorbents rather than a distinct 

transition. A further option is to provide a mixture of Ae different adsorbents that may or may not be 
homogeneous and such mixture may be combined wiflj a discrete zone or zones. 

In a first variant configured to delivo^ high purity hydrogen, flie adsorbent m a first zone of 
die adsorbers adjacent die -first end will be a desiccant to achieve buDc removal of water vapor in that 

10 first zone, the adsorbent in a second zone in the central portion of the adscM-bers will be selected to 
achieve bulk removal ofCOj and some r«noval of CO, and the adsoibent in a diird zone of die 
adsorbers will be selected to achieve final removal of CO and substantial removal of any additional ' " 
inert proponents, such as nitrogra and argon. A suitable desiccant, without limitation, for tfae^fiist 
zone is aluminagel. A^uitable adsorbent for die second zone is 13X zeolite, or 5A, or active 

15 charcoal. Suitable adsorbents for the diird zone, again without limitation, may be a strongly carbon 
monoxide and nitrogen selective adsorbent selected fi^om the group including 1)ut not limited to Na- 
LSX, Ca-LSX,Li-LSX, Li- exchanged chabazite,.Ca- exchanged chabazite, Sr- exchanged chabazitc. 
The zeolite adsorbents of this group are characterized by strong hydrophilicity,<x>rresponding to 
selectivity for polar molecules. This first variant relying on physical adsorption will operate most 

20 effectively at relatively 'lower temperatures, imlikely to exceed much more than about 1 00**C although 
certain adsorbents such asX^- or"Sr-exchanged chabazite woiUd remain adequately effective for <X> 
and N2 removal at temperatures to about 130®C. 

In a second similar variant also configured to deliver high purity hydrogen, the adsorbent in 
the second or third zone may be a more strongly carbon monoxide selective adso]1)ent such as a 

25 Cu(I)-exchanged zeolite. The zeolite may be, for example, be an X-or a Y-type zeolite, mordenite, or 
chabazite. For stability against over-reduction wfiile contacting nearly pure hydrogen, die 
exchangeable ions of the zeolite may be a mixture of Cu(I) and other ions such as Na,Li,X^ Sr, 
other transition group metals or lanthanide^up metals. The mixed ions may also or dtonatively 
include Ag as a minor component for enhanced iOO-seiectivity. 

30 In a third variant configured to deliver at least partially purified hydrogen with GO nearly 

completely removed, the adsorbent in a first zone of the adsorbo-s adjacent the first end will be a 
desiccant to achieve bulk removal of water vapor in that first zone, the adsorbent in a second zone in 
die centra] portion of the adsorb^s will be selected to achieve bulk removal of CO2 and some removal 
of CO, and the adsoitmt in a third zone of the adsorbers will be selected to achieve final removal of 

35 CO and partial removal of any nitrogen and argon. A suitable desiccant for the first zone, widiout 
limitation, is alumina ^gel. A suitable adsorbent for the second zone, again widiout limitation, is 
alumina gel impregnated widi Cu{I), or active carbon impregnated with Cu(I). Suitable adsorbents for 
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the third zone may be similar to those used in the second zone, or may be a CO- and nitrogen 
selective adsorbent as in the first or second variants above. 

In a foiirth variant configured to deliver at least paitially purified hydrogen wi& CO nearly 
<x)mpletely removed, the adsorbent in some or all zones of the adsorbers wQ] be a moderately 
5 hydrophobic adsorbent selected from the group including, but not limited to, active carbon and Y- 
zeolite, and preferably containing Cu(I) for enhanced GO- selectivity in a zone adjacent the second 
«nd of the adsorbers. 

In a fifth variant configured to deliver at least partially purified hydrogen with CO nearly 
ccHnpletely removed, the adsorbent in some or all zones of the adsorbs will be a-strongly 

10 hydrophobic adsorbent selected from the grou^ including but not limited to sih'calite and 

dealuminified Y-type zeolite. The hydrophobic adsorbent may preferably contain Cu(I) for enhanced 

CO selectivity. ■ 

In a sixth vanant configured to deliver at least partially purified hydrogen with CO nearly 
completely ronoved, the adsorboit in die first or second zone of die adsorbers will include a 

15 component catalytically active at the operating tmperature of tfiat zone for the v^'ater gas shift 

reaction. Hie catalyticaUy active component may be any known water ^as shift catalyst, e.g. Cu-ZnO 
based catalysts. Preferably, the catalytically active component may be metal carbonyl complexes of a 
transition group metal or a mixture of transition group metal5<e.g. Cu, Ag, Ni, Pd, Pt, Rh, Ru, Fc, 
Mo, etc.) insoted into the zeolite cages of, for example, an X or Y-type zeolite. A portion of tibe 

20 carbon monoxide sorbed onto Hie catalytically active component may then react with water vapor by 
the water gas shift reaction to generate carbon dioxide and additional hydrogen. It is taown^J.J. 
Verdonck, P. A. Jacobs, J.B. Uytterhoeven, "Catalysis by a Ruthenium Complex Heterogenized in 
Faujasite-t>'pe Zeolites: the Water Gas-shift Reaction", J.C.S. Chem. Comm., pp. 181-182, 1979] that 
ruthenitim complexes stabilized within X or Y zeolites provide greater water-gas shift catalytic 

25 activity than conv«itional copper based catalysts. Odier water-gas shift catalysts known in the art 

include platinum supported on ceria and transition metal carbides. Iron-chrome catalysts are used for 
indiistrial water gas shift reactions at higher temperatures. 

In a seventh x^ariant configured to dehver at least partially purified hydrogen with CO nearly 
completely removed, the adsorbent in Ae first zone of the adsorbers is an adsorbent selective at the 

30 elevated operating temperature of the first zone for ^bon dioxide in preference to water vapor. 
Suitable such adsorbents known in the art include alkali-promoted materials. Illustrative alkali- 
promoted materials include those containing cations of alkali metals, sudi as Li, Na, K,Cs, Kb, and/or 
alkaline earth metals, sudi as Ca, St, and Ba. The materials typically may be provided as the 
hydroxide, carbonate, bicarbonate, acetate, phosphate, nitrate or organic acid salt compound of the 

35 alkali or alkaline earth metals. Such compounds may be dq>osited on any suitable substrate such as 
alumina. Examples of specific materials include alumina in^>regnated with potassium carbonate and 
bydrotalcite promoted widi potassium carbonate. The adsorbent in the second zone of the adsorbers 
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will include a component catalytically active at fte operating temperature of that zone for the water 
gas shift reaction, and optionally also for a steam reforming reaction of eg. methanol or methane. As 
in the sixA variant above, the catalytically active ^^omponent in the second zone may be alcnown 
u'ater gas shift or steam reforming catalyst, or may be a transition groiq) metal dispersed in zeolite 
5 cages and reversibly forming a metal caibonyl complex at die operating temperature of the second 
zone. The second or preferably third zone of the adsorbers contains adsorbent with some useful 
working capacity for carbon monoxide and other impurity componaits at the operating t^iperature of 
that zone. Because carbon dioxide is strongly adsorbed in the first zone, the concentration of carbon 
dioxide in the second zone is maintained at a reduced level by the PSA process, v^iile water vapor 

10 concentration remains relatively high in^e second zone. Hence, in this sevendi variant die water^as 
shift reaction equilibrium (and the steam reforming equilibrium if apph'cable) is continually shifted by 
the PSA process, which continually r^mcves both hydrogen and carbon dioxide fi-om die catalytically 
active second zone while preventing passage of carbon monoxide into the hydrog^i product passing 
die diird zone, so that essentially all -carbon monoxide is consumed to generate caxbon dioxide and 

15 additional hydrogen. This is an example of a PSA reactor or "sorption enhanced reactor", driving the 
water gas shift reaction substantially to completion while achieving adequate purification of die 
hydrogen. 

The reforming and/or wato- gas shift reaction catal^'StCs) described above may be included in 
any part of the adsorber bed, but typically are included in the section prior to removal of the water 

20 vapor since water vapor is a reactant for the reforming and v^ter gas shift reactions. 

Industrial H2 PSA is normally conducted at considerably elevated pressures<> 10 bara) to 
achieve simultaneous high purity and high recovery 80%-85%). Fuel <sell systems operating with 
pressurized methanol reformers or integrated with gas turbine cycles may operate at relatively high 
pressures. Howev^, most P£M itiel cell systems operate at ambient to about 3 bara pressure As 

25 feed pressure and the overall woridng pressure ratio of the PSA are reduced, productivity and 
recovery of a simple cycle deteriorate. Under given pressure conditions, use of CO-selective 
adsorbents should significantly improve recovery at specified producfCO concentration, if hydrogen 
piuity v^tb respect to other impurities sudi as nitrogen and carbon dioxide can be relaxed. 

At very low feed pressures (e.f . 2-3 bara), die H2 PSA may need supplemental compression 

30 to achieve high recovery. Vacuum pumping may be used to widen die working pressure ratio, or 
alternatively "heavy reflux," which is recompression and recycle to die PSA feed of a fi^ction of its 
exhaust stream at full pressure. Vacuum and heavy reflux options may be combined in PSA systons 
for reformate purification. The heavy reflux option using 1 3X zeolite adsorbent, which is not 
particularly CO-selective achieved 95% recovery fiom syndietic methanol reformate at -3 bara feed 

35 pressure and atmospheric exhaust without vacuum pumping. 

To get heavy reflux in a very low pressure PSA, the vacuum pump may be configured so that 
part of its flow is reinjected into the PSA feed. Extremely high hydrogen recovery can then be 
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obtained (even at a feirly low overall pressure ratio) by pumping enough heavy reflux. The vacuum 
level can be traded against the mass flow of heavy reflux. 

A fiiel may be a standalone power plant, or else it may be integrated with some type of 
<x)mbustion engine. -In the case of a standalone fuel cell, all mechanical power for air handling 
^ compression and any oxygen and/or hydrogen PSA units mist be provided as electrical power by the 
appropriately sized fuel cell stack. In tfiis case, tight constraints apply to the recovery level that must 
be achieved by the H2 PSA at specified purity. In the absence of any useful export use for high^de 
heat, an efficient heat balance requires that the heating value of combustible waste gases (H2, CO and 
unreacted fuel) be matched to the heat demand t>f the fuel processor. For a fuel cell wi& steam 

10 reforming <e.g. methanol or naniral gas), nominal hydrogen recoveiy by die H2 PSA has to be about 
75% -to 80% as the PSA tail gas is burned to heat the reformer, while for a POX or autothermal 
reformer, hydrogen recovery by thePSA needs to be^xtremely high^at least 90% toS5%) as such 
reformers can only use a limited amount of external combustion heat from burning PSA tail gas or 
fuel cell anode tail gas, e^. for preheating feed oxygen/air and luel reactants to &e reformer. 

15 in order to achieve high process efficiency and high recov^ of the PSA units along with 

higih overall efHciency of flie fuel <«11 system, the hydrogen PSA tail^as may be burned in an 
auxiliary combustion engine to drive the air handling systancompressor and any vacuum pumps for 
Hit oxygen and hydrogen PSA units. Thus, according to anoth^ presently disclosed embodiment, a 
process and system is deso-fbed that includes providing at least one first pressure swing adsorption 

20 module that produces an oxygen-enriched gas stream, thc'first pressure swing adsorption module 

including at least one device selected from a first compressor or first vacuum pump; providing at least 
one second pressure swing adsorption module that produces a purified hydrogen-gas stream and a 
separation exhaust gas stream, the second pressure swing adsorption module including at least one 
device selected from a second compressor or second vacuum pump; introducing the oxygen-eiuiched 

25 gas stream and the purified hydrogen:gas stream into a fuel cell; and introducing the separation 
'^"exhaust gas stream as a fiiel into a combustion engine for driving at least one auxiliary device, 
typically selected from the first compressor, first vacuum pump, second compressor, second vacuum 
pump, or an electric generator. 

For smaller plants, internal combustion engines may be attractive relative to gas turbine 

30 configurations. Either way, po)*«ering the compressor and vacuum pump(s) by burning tail gas avoids 
the cost penalty of a bigger fiiel cell stack in order to run compression machinery as parasitic 
electrical loads. The engine exhaust heat and/or -cooling jacket heat may be further recovered to 
preheat and vaporize fuel reactants and to provide some or all of the heat of reforming for a methanol 
reformer as described below in more detail. 

35 The engine could be a reciprocator or a rotary engine. It may aspirate the hydrogen PSA tail 

gas directly as fuel, or else be turbocharged to pull greater vacuum from the PSA exhaust Modem 
Wankel derivative engines have favourable specific displacCTiCTt and power density. Thus, an • 
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auxiliary interna] combustion engine could act as its own vacuum pump on tail gas being inducted 
directly as fuel. Some oxygen enriched tail gas from the fuel cell caAode could be fed as a 
supplement to intake air to make up for the heavy CO2 load. In view of the hydrogen, water and 
carbon dioxide content-of the tail.^gas fiieling diis engine, conditions are &vourabIe for extx«mely low 
5 emissions of NOx and other noxious contaminants, Here^ the above strict heat balance constraints on 
necessary hydrogoj recovery to be achieved by Ae PSA may be relaxed in designing for roost 
desirable technical, emissions and economic performance of the power plant because tail^gas 
combustion can thermally power auxiUary compression loads as well as provide endothermic heat of 
fuel processing. The combustion-engine may power all compressors and vacuum pumps'for'die'Os 

10 PSA, along with vacuum pump and/or heavy reflux compression for the PSA. This auxiliary gas 
turbine cycle allows a heavy reflux vacuum^ump and compressor to be driven by the turboexpander 

- - which expands Ae products of hydrogen PSA tail;gas combustion. Thus, one feature of disclosed 
processes and systems is integration of the vacuum pump(s) with the combustion engine powered by 
tail gas combustion. Either single or multiple spool-gas turbine configurations may be considered in 

15 -conneaion with the combustion engine. Centrifugal or axial machines may be used as the 
compressors and pumps. Approaches based on integration of-gas turbines and fuel cells are 
particularly favourable for larger powa levels. 

Further disclosed embodim«its are directed to improved steam reforming processes 
^particularly methanol reforming) wbcn coupled to a fuel cell. The conventional approach'fbr 

20 metiianol reforming is to increase the pressure of liquid reaciants to an elevated pressure4br 

vaporization and the vapor phase methanol reforming reaction. This approach enables the reactor 
itself to be compact, and provides driving pressure for hydrogen purification by PSA-or palladium 
diffusion membranes. 

A novel low pressure process is disclosed herein for steam methanol reformii^ that can -get 

25 enhanced heat recovery from a low pressure fuel cell. More than-60% of the endothennic heat of 

^ ■ - - * ■ - jf .„ 

steam reforming methanol is the heat of vaporization to boil the methanol and tiie water inputs. If the 

fuel cell is cooled to vaporize feed liquid fuel and water at the fuel cell stack woxidng temperature, the 

s>'stem may-be more efficient -due to heat recovery, which liberates hydrogen to generate electricity 

>^ile absorbing about 25% of the stack cooling load. A water-rich mix of 14% methanol in water 

30 boils at atmospheric pressure and 85"C to generate a 50/50 vapor mix as required by stoichiometry, or 
at a modestly higher temperature with a larger excess of water in Ac liquid phase to obtain a small 
excess of steam as actually required to ensure low CO concentration. Therefore tfie liquid mixture of 
water containing a fraction of me&anol may be circulated as fuel cell stack coolant, and dien flash 
evaporated to generate a metiianoI-H20 vapor mix to be admitted into Ae reforming ^talyst chamber 

35 at friel cell s>'stem working pressure. If tiie fuel cell operates at less than 85^C, flash e%'^oration 
likely would be performed under vacuum or else with a higher concentration of meAanol<as ^so 
desirable for antifreeze characteristics for winter conditions) so that only a fraction of the water 
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required for methanol reforming is provided by vaporization using fuel cell stack waste heat As 
higher PEM fuel cell operating temperatures are considered, this approadi becomes more viable as 
permitting either atmospheric or higher pressure for flash evaporation, or else a larger tmperature 
difTerent'al driving heat exchange in the stack coolant channels. Thus, there is disclosed herein a 
5 process and system that involves providing a fuel cell defining a coolant passage and an anode inlet 
for receiving a hydrogen-containing gas stream; mixing liquid water and a hydrocaibon fuel stream 
resulting in a coolant mixture; introducing the coolant mixture into the coolant passage of the fuel 
cell; vaporizing the coolant mixture to form a steam/fuel vapor mixture; subjecting the steam/fuel 
vapor mixture to reaction conditions sufficient for generating a hydrogen-containing gas stream; and 

1 0 introducing ihe hydrogen-containing gas stream into die fuel cell anode inlet 

Using stadc heat recovery to boD the methanol reforming reactants is more attractive for a 
relatively low pressure fuel cell<e.g., operating at a pressure below about 2 bars absolute), unless the 
working temperature were greatly increased. U all the steam feed to the methanol refonner is 
generated by stack heat recovery, some mecham'cal con:q}ression of die reformer reactant vapor 

1 5 mixture generally is needed except for a very low pressure PEM fuel cell <&^. operating at a pressure 
below 1 .5 bars absolute). Such a v^ low pressure fuel cell would be expected to benefit greatly 
from PSA O2 enrichment as enabling high power density at low total pressure. However, vacuum 
pumping would then be required for both the oxygen PSA and a hydrogen PSA unit, particularly to 
obtain high recovery of hydrogen in the hydrogen PSA. 

20 An alternative approach widiin ihe invention is to operate die fuel cell at somewhat higher 

pressure <e.g. operating at a pressure of about 2 or 3 bars absolute), with tiie stack coolant liquid 
mixture of water and methanol containing a higher concentration of methanol, so that the vapor 
mixture thus generated contains all the methanol vapor for the methanol reformer, plus only a portion 
of the steam required for reforming diat meOianol. Supplementary steam is then generated by an 

25 alternative heat source, for example exhaust heat or cooling jacket heat fi^om a <x)mbustion engine or 
turbine used to drive tfie feed air compressor and any vacuum pumps"requif6d to operate the PSA 
equipment 

In the case of a POX or autothermal^gasoline^fuel processor, the endodiermic heat for the 
reforming reaction 15 generated by burning a portion of ^e fiiel stream within the refoimmg reactor. 

30 Hence, there is at most a very limited opportunity for burning the hydrogen PSA tail^ usefully to 
support the reforming process (e.g. to preheat incoming air and fuel streams), because ample high 
grade heal is generated within POX and autothermal reformers. If diere is no otiier use^or 
combustion heat from burning the hydrogen PSA tail gas, the hydrogen PSA achieves extremely high 
hydrogen recovery (in the range of e.g. 90% to 99%) to achieve heat balance and fiill utilization of 

35 fuel. In the case of a methanol reform^- widi stack heat recovery to boil the reactants as pro\aded 
above within the present invention, the hydrogen PSA would have to achieve very high hydrogen 
recovery (- 90%) in view of die substantial beat recovery fi^om the stack to reduce die medianol 
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refonner heat demand. 

An auxiliary combustion engine or turbine tfierefore is disclosed, cooperating with the fuel 
eel] power plant to at least assist the feed air compression and any vacuum pumping loads. Tail-^ 
from the hydrogen PSA unit is now usefully consunsed as fuel for the auxiliary -combustion engine or 
5 turbine, so ^xat the necessary hydrogen recovery achieved by die PSA unit may be relaxed to the 
range of e.g. 70% to 90% as the heat balance and fuel utilization constraints are opened. Hence, the 
need for heavy reflux compression and vacuum pumping to assist the hydrogen PSA unit is reduced or 
eliminated. Simultaneously, the auxiliary combustion engine or turbine unloads the PSA compression 
and any vacuum pumping load from the fuel cell electrical ou^ut» thusf-educing'die size and cost of 
10 the fuel cell. 

The thermally integrated combination of the auxiliary combustion engine or turbine with the 
fuel processor provides alternative w^ste heat sourccsTor vaporizing steam directly at the reforming 
pressure, for heating an endothennic reactor, and for recovering exotfaomic heat e.g. of water-rgas 
shift A diermally integrated design can also be configured to minimize thomal inefiSciencies, of 

15 heat loss by conduction to the environment, simply by placing hot componoits of the fuel processor 
and the auxiliary heat engine witfiin a -common housing, and widi components at similar operating 
temperatures in close adjacent proximity. 

The foregoing features and advantages will become more apparent fi^m the following • 
detailed desoiption of several embodiments that proceeds with reference to the accompanying 

20 figures. 

BRIEF DESCRIPTION OF THE DRA WINGS 
FIG. 1 shows an axial section of a rotary PSA module, 
f IGS. 2 through 5B show transverse sections of &e module oflHG. 1. 
25 FIG. 6 is a simplified schematic of a foelxell power plant with a steam reforming ^el 

processor, ai^SA unit for rcformate hydrogen purification by at least removal of GO, and a VPSA unit 
for oxygen enrichment 

FK3. 7 is a simplified schematic of an additional embodiment of a fuel cell power plant that 
includes a modified steam reforming fuel processor. 
30 FIG. 8 is a simplified schematic of anodier embodiment of a fuel cell power plant 4faat 

includes a vacuum pump. 

FIG. 9 is a simplified schematic of a furdier embodiment of a fuel cell power plant that 
includes an internal combustion engine and a modified fuel cell stack. 
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DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS 

Ooe embodiment of an ox3'gen-enrichment rotary PSA modide for use with the descaibed 
methods and systems is described below in connection widi FIGS. but the same or similar 
5 rotary PSA module configuration could be used for hydrogen enrichment (i.c., separation) in the 
disclosed electrical cuircnt generating systems. As used herein, a •'rotaiy PSA" includes, but is not 
limited to, cither a PSA wherein die adsorbwit bed rotates relative to a fixed valve face or stator or a 
PSA wherein the valve face or stator rotates relative to a fixed adsorbent bed. 

I^G. 1 shows a rotary PSA module 1, which includes a number "N" of adsoibers 3 in 

1 0 adsorber housing body 4. Each adsorber has a first end 5 and a second end 6, with a fiow path 

therebetween contacting a nitrogen-selective adsorbent (for oxygen enrichment). The adsorbers are 
arrayed about axis 7 of the.adsorber housing body. The housing body 4 is in relative rotary motion 
about axis 7 with first and -second fimctional bodies 8 and 9, being engaged across a first valve face 
10 uith the first fimctional body 8 to which feed .gas mixture is supplied and from which die heavy 

1 5 product is withdrawn, and across a second valve &ce 1 1 with the second fimctional body 9 from 
which the light product is wi^drawn. 

In embodiments as particularly depicted in FKjS. 1 »5, the adsorber housing 4 rotates and 
shall henceforth be referred to as die adsorber rotor 4, while the first and second fimctional bodies are 
stationary and together constitute a stator assembly 12 of -fte module. The first fimctional body shall 

20 henceforth be refeired to as the first valve st^r 8, and the second fimctional body shall henceforth be 
referred to as tfie second valvestator 9. In other embodiments, Ae adsorber housing may be 
stationary, while the first and second function bodies may be the rotors of rotary distributor valves. 

In the embodiment shown in FIGS. 1*5, the fiow path through the adsorbers is parallel to 
axis 7, so that the fiow direction is axial, while the first and second valve faces are shown as fiat 

25 annular discs normal to axis 7. However, more^generally die flow direction in the adsorbers may be 
axial or radial' and the first and second valve feces may be any figure of revolution centred on axis 7. 
The steps of the process and the fimctional compartments to be defined will be in Uie same angular 
relationship regardless of a radial or axial fiow direction in the adsorba*s. 

FIGS. 2-5 are ctoss sections of module 1 in the planes defined by arrows \TAl\ 14'-15', and 

30 16'-17'. Arrow 20 in each section show ^e direction ofrotationof'&er^tor 4. TIG. 2 shows section 
12 -1 3* across FIG. 1 , which crosses the adsort>er rotor. In this example, "N" = 72. The adsorbers 3 
are mounted between outer waU 21 and inner vrall 22 of adsorber wheel 208. Bach adsorber 3 
comprises a rectangular fiat pack of adsorbent sheets 23, with spacers 24 between the sheets to define 
flow channels here in the axial direction. Sqiarators 25 are provided between the adsorbs to fill 

35 void space and pre\'ent leakage between die adsoit>ers. In other configurations, the adsorbent sheets 
may be formed in curved padcs or spiral rolls. 

Satisfactory adsorbent sheets have been made by coating a sluiry of zeohte crystals with 
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binder constituents onto the reinforcement material, with successful examples including nonwoven 
fibreglass scrims, woven metal febrics, and expanded aluminium foils. The adsorbent sheets comprise 
a reinforcement material, in prefored embodiments glass fibre, metal foil or wire mesh, to which the 
adsorbent material is attached with a suitable binder. For applications such as hydrogen purification, 
5 some or all of ^e adsorbent mat^al may be provided as carbon fibm, in woven or nonwoven form 
to serve as its own reinforcement material. Spacers 24 arc provided by printing or embossing the 
adsorbent sheet 23 with a raised pattern, or by placing a fabricated spacer between adjacent pairs of 
adsorbent sheets. Alternative satisfactory spacers 24 have been provided as woven metal screens, 
non-woven fibreglass scrims, and metal foils miti etched fiow channels in a photolithographic pattern. 

1 0 Typical experimental sheet ^cknesses have been 150 microns, with spacer beights in the 

range of 100 to 150 microns, and adsorber flow channel length approximately 20 cm. Using X-type 
7^Iites, excellent performance has been achieved in oxygen separation fi-om air and hydrogen 
purification from reformate at PSA cycle frequencies in die range of 1 at least to 150 cycles per 
minute particularly at least 25 cycles p^ minute. 

15 As shown in FKj. 1, the adsorbers 3 may comprise a plurality of distinct zones between the 

first end 5 and the second end 6 of the flow channels. FIG. 1 illustrates a first zone 26 adjacent the 
first end 5, a second zone 27 in the middle of the adsorbers, and a third zone 28 adjacent the second 
end 6. These zones may be entirely distinct as to the local conq>osition of adsorbent (including any 
catalyst), or else may be blended with a continuous gradient of adsorbent composition. Fewer or 

20 more zones may be provided as desired. The first zone typically contains an adsorbent or desiccant 
seleaed for removing very strongly adsorbed components of the feed gas mixture, such as water or 
methanol vapor, and some carbon dioxide. The second zone contains an adsorbent typically selected 
for bulk separation of in^urities at relatively high concentration, and the third zone contains an 
adsorbent typically selected for removing impurities at relatively low concentrations. 

25 In embodiments wi A multiple zones, the volume of each zone may be preselected to achieve 

a desired result. For example, with a 3'Zone embodiment tfie first zone may be the first 1 0% to 20% 
of Ae flow channel length from the first end, the second zone may be the next roughly 40% to 50% of 
the channel length, and the third zone the remainder. In embodiments with only two adsorber zones, 
the &st zone may be the •first 10% to 30% of the fiow channel length from itie first end, and the 

30 second zone the remaindo-. The zones may be formed by coating the different adsorbents onto Ifae 
adsorbent support sheet material in bands of iStit same vridth as the flow channel lengdi of the 
corresponding zone. The adsorbent material composition may change abruptly at the zone boimdary, 
or may be blended smoothly across &e boundary. Particularly in the £rst zone of the adsorber, the 
adsoibent must be compatible with significant concentrations of u^ater vapor. 

35 For air separation to produce enriched oxygen, alumina gel may be used in die first zone to 

remove >*'ater vapor, while typical adsorbents in the second and third zones are X, A or chabazite type 
zeolites, typically exchanged with lithium, calcium, strontium, magnesium and/or other cations, and 
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with optimized silicon/aluminium ratios as well known in the art The zeolite crystals are bound widi 
silica, clay and other bindCTS, or self-bound, within the adsorbent sheet matrix. 

In a first variant configured to deliver high purity hydrogen, the adsorbent in a first zone of 
&e adsorbers adjacent the first end willbe a desiccant to achieve bulk removal of watd- vapor in that 
5 first zone, the adsorbent in a second zone in the central portion of the adsorbers will be selected to 
achieve bulk removal of CO2 and some removal of CO, and die adsorbent in a third zone of tiie 
adsorbers will be selected to achieve final removal of CO and substantial removal of any nitrogen and 
argon. A sutable desiccant for the first zone is alumina ^el. Illustrative suitable adsorbents for 4ie 
second zone are 13X zeolite, or 5 A, or active charcoal. Suitable adsorbents for die ftnrd zone may be 

10 a strongly carbon monoxide and nitrogen selective adsorbent selected fi-<»n the-groi^ mcluding, but 
not limited to, Na-LSX, Ca-LSX, Li-LSX, Li- exchanged chabazite, Ca- exchanged chabazite, Sr- . 
exchanged chabazite. The zeolite adsorbents of this group are characterized by strong hydrophilici^," 
corresponding to selectivity for polar molecules. This first variant relying on physical adsorption will 
operate most effectively at relatively lower temperatures, unlikdy t0€xceed much more than e^out 

15 lOO^C, although certain adsorbents such as Ca- or Sr-exchanged chabazite remain adequately 
effective for CO and N2 removal at temperatures up to about r50**C. 

In a second similar variant also-configured to deliver high purity hydrogen, the adsorbent in 
the second or third zone may be a more strongly carbon monoxide selective adsorbent such as a 
Cu(I)-exchanged zeolite. The zeolite may for example be an X or Y-type zeolite, mordenite, or 

20 chabazite. For stabiliQr against ova-*reduction while contacting nearly pure hydrogen, the 

exchangeable ions of tiie zeolite may be a mixture of Cu(I) and other ions such as Na,'Li, Ca, Sr, 
otiier transit! on -group metals or lanthanide group metals. The mixed ions may also or alternatively 
include Ag(I) as a minor component for danced. CO-selecti vity. 

In a ^d variant configured to deliver at ^east partially purified hydrogen with CO nearly 

25 completely removed, the adsorbent in a first zone of the adsorbers adjacent the first -end wilLbe a 

desiccant to achieve bulk removal of water vapor in that first zone, Ae adsorbent in a second zone in 
the central portion of fte adsorbers will be selected to achieve bulk removal of CO2 and some removal 
of CO, and the adsorbent in a third zone of the adsorbers will be selected to achieve final removal of 
CO and partial removal of any nitrogen and zrgon. A suitable desiccant for the first zone is alumina 

30 gel. A suitable adsorbent for the second zone is alumina rgel impregnated with Cu(I), or active <:arbon 
impregnated with Cu(I). Suitable adsorbents for the third zone may be similar to tfiose used in the 
second zone, or may be a CO- and nitrogen selective adsorbent as in the first or second variants 
above. 

In a fourth variant configured to deliver at least partially purified hydrogen with CO neariy 
35 completely removed, &e adsoxbent in some or all zones of the adsorbers will be a moderately 
hydrophobic adsorbent selected from the group including but not limited to active carbon and 
zeolite, and preferably containing Cu(I) for enhanced CO- selectivity in a zone adjacent the second 
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end of the adsorbers. 

In a fiffc variant configured to deliver at least partially purified hydrogen with CO nearly 
completely removed, the adsorbent in some or al) zones of die adsorbed will be a stron^y 
hydrophobic adsorbent selected from the group including but not limited to silicalite and 
5 dealuminified Y*zeolite. The hydrophobic adsorbent niay preferably contain Cu(I) for enhanced <X>- 
selectivity. 

In a sixth variant configured to deliver at least partially purified hydrogen witfiXX) neaiiy 
completely r^oved, the adsorbent in the first or second zone of the adsorbers wOl include a 
component catalyti'cally active at the operating temperature of &at zone^for iht water gas^hifi 

10 reaction. The catalytically active component may be any water gas diift catalyst, e.g. Cu-ZnO based 
<atalysts. Preferably, the catalytically active component may be metal carbonyl complexes of a 
transition group metal or a mixture of transition ^oup metals {e^rCt^, Ag, Ni, Pd, Pt, iUi, Ru, Fe, - - 
Mo, etc.) inserted into the zeolite cages ofcg. an X or Y zeolite. A portion of the carbon monoxide 
sorbed onto the catalytically active component may then react with wato- vs^r by Ae water-gas shift 

1 5 reaction to generate caib on dioxide and additional bydrogoi. 

In a seventh variant configured to deliver at least partially purified hydrogen with<50 nearly 
completely removed, the adsorbent in the first zone of Ae adsorbers is an adsorbent selective at the 
elevated operating temperature of the first zone for carbon dioxide in preference to w^er vapor. 
Suitable such adsorbents Icnown in die art include alumina impregnated with potassium carbonate, and 

20 hydrotalcite promoted widi potassium carbonate. The adsorbent in the second zone of the adsorbers 
will include a <2omponent catalytically active at the operating temperature of tiiat zoneibr-the water 
gas shift reaction and if desired a steam reforming reaction. As in the sixth variant above, the 
catalytically active component in the second zone may be a known water igas shift eatalyst, or maybe 
a transition ^oup metal dispersed in zeolite cages and reverslbly^forming a metal carbonyl complex at 

25 the operating temperature of the second zone. The second or pr«ferably^ird zone of the adsorbers 
contains adsorbent with some useful working capacity for carbon monoxide and other impurity 
components at the operating temperature of that zone. The third zone of the adsorbers preferably 
contains an adsorbent with useful working capacity for water vapor at the operating temperature of 
that zone. Because carbon dioxide is strongly adscH'bed in tiie first zone, the concentration of caibon 

30 dioxide in the second zone is maintained at a reduced level by die PSA process, vA^e water vapor 
concentration remains relatively high in the second zone. Hence, in this seventh variant the water «gas 
shift reaction equilibrium is continually shifted by the PSA process which continually removes boA 
hydrogen and carbon dioxide fi-om the catalytically active second zone while preventing passage of 
carbon monoxide into the hydrogen product passing Ihe ^d zone, so that essentially all carbon 

35 monoxide is consumed to goierate carbon dioxide and additional hydrogen. The water gas shift 
reaction is Aus driven substantially to completion, while achieving adequate purification of the 
hydrogen. 
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The water gas shift reaction is exoihermic, and consequently heat should be removed from 
the reactive second zone of the adsorbers in whidi the catalyst is contained. As disclosed in 
copending patent applicanon PCT publication WOOO/76629, the disclosure of which is incorporated 
herein by reference, the adsorber housing may be configured as a heat exchanger so tfiat heat may be 
5 transfOTed through ihe containment walls of the individual adsorbers. Heat may also be removed by 
allowing the temperature of the second zone to rise-above the temperature of the first ends of the 
adsorbers so that heat is removed by the carbon dioxide product of reaction and by axial conduction 
throu^ the preferably metallic support of ^ adsorbent laminate, and/or by allowing the temperature 
of the second zone to riseabove the tmperature of ^ second ends of the adsorbers so&at heat is 

10 removed by the hydrog^ product as sensible heat and by axial <x>nduction through the prefe^ly 
metallic support of the adsoibent laminate. 

The above described seventh variant ^nay-be readily adapted for the important application of 
steam refonning methanol. The adsorbent in the first zone may be promoted hydrotalcite, which 
preferentially adsorbs carbon dioxide. The catalyst in the second zone maybe any catalyst active lor 

15 the methanol steam reforming and watery shifi reactions, e.^. Cu*ZnO or a noble metal catalyst 
The adsorbent in the third zone is selective-fbr water and methanol vapor. "Consequently, Ac 
•concentration of carbon dioxide is depressed, while Ae^concentrations of steam and methanol vapor 
are elevated, over the second zoneso as4o shift the reaction equilibria for high conversion of 
methanol and removal of carbon monoxide by waterigas shift At a^giv^ temperature, the reaction 

20 rate will be enhanced -compared to &e same^atalyst in a conventional reactor. 

The vapor phase steam refomiing reaction is endothermic, and consequently heat must be 
provided to the reactive second zone of the adsorbers in which the^catalyst is contained. As<!isclosed 
in our copending patent application PCT publication WO-0W76629, the disclosure of which is 
incoiporated herein by reference thereto, the adsorber housing may be configured-as a heat exchanger 

25 so Aat heat may be transfmed througji the oontainment walls of the individual adsorbm. Heat may 
also be supplied'by allowirfig ilic temperature of Ae second zone to fall below the temperature of the 
first ends of the adsorbers so that heat is delivered to the second zone as sensible heat of the reactants 
and also by axial conduction through the pref^ably metallic support of the adsorbent laminate^from 
the first ^d of the adsorbers. 

30 HO. 3 shows the porting of rotor 4 in the first and second valve faces r^spectiv-ely m die 

planes defined by arrows 14'-15', and 1^ -17'. An adsorber port 30 provides fluid communication 
directly from the first or second end of each adsorb^- to respectively the first or second valve face. 

FIGS. 4A and 48 show the first stator valve face 100 of the first stator 8 in die first valve 
face 10, in the plane defined by arrows 14-15. Fluid connections are shown to a feed oon^ressor 101 

35 inducting feed gas through inlet filter 102, and to an exhauster 103 delivering second product to a 
second product delivery conduit 104. Conq>ressQr 101 and exhausts 103 are shown coupled to a 
drive motor 105. 
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Arrow 20 indicates the direction of rotation by the adsoii>er rotor. In &e annular valve &ce 
between circumferential seals 106 and 107, the open area of first stator valve face 100 ported to the 
feed and exhaust compartments is indicated by clear angular segments 1 1 1-1 16 corresponding to the 
•first fiinctional ports communicating directly to fiinctional compartmoits identified by the same 
5 reference numerals 1 1 M 16. The substantially closed area of valve face 100 between functional 
compartments is indicated by hatched sectors 1 1 8 and 1 19 which are slippers with zero clearance, or 
preferably a narrow clearance to reduce fiiction and wear without excessive leakage. Typical closed 
sector 118 provides a transition for an adsorber, between being open to compartment 1 14 and open to 
compartment 1115. Gradual opening is provided by a tapping clearance diannel between the slipper 
10 and the sealing fece, so as to achieve gentie pressure equalization of an adsorber being opened to a 
new compartment. Much wider closed sectors<e.g. M9) are provided to substantially close flow to or 
fi-om one end of the adsorbers when pressurization or blowdown is being performed fi-om^e other 
end. 

The feed compressor provides feed gas to feed pressurization compartmeztts 111 and 112, 
15 and to feed production compartoient 1 13. Compartments 1 1 1 and 1 12 have successively ina*easing 
working pressures, while compartment 1 13 is at the higher working pressure of the PSA cycle. 
Compressor 101 may thus be a multistage or split stream compressor system delivering the 
appropriate volume of feed flow to each compartm«it so as to achieve'the pressurization of adsorbm 
through the intermediate pressure levels of compartmoits 1 1 ] and 1 12, and then the final 
20 pressurization and production through<>ompartment 113. A split stream compressor system may be 
provided in series as a multistage compressor uitii interstage delivery ports; or as a plurality of 
compressors or compression cylinders in parallel, each delivering feed air to the working pressure of a 
compartment Ml to 113. Alternatively, compressor 101 may-deliver all die feed gas to the higher 
pressure, with dut)ttling of some of that gas to and 1 12 at their respective intermediate pressures. 
25 Similarly, exhauster 103 -exhausts heavy product^as #om counterourrent 1)lowdown 

' "^compartments 1 14 and 1 15 at Ae successively decreasing working pressures of those compartments, ' 
and linally fi-om exhaust compartment 116, which is at theJower pressure of "the -cycle. Similarly to 
compressor 101, exhauster 103 may be provided as a multistage or ^lit stream machine, with stages 
in senQS or in parallel to accept each flow at the appropriate intermedirte pressure descending to die 
30 lower pressure. 

in the example embodiment of HG. 4A, the lower pressure is ambient pressure, so exhaust 
compartment 1 16 communicates directly to heavy product delivery conduit 104. Exhauster 103 thus 
is an expander which provides pressure letdown witii enei^ recovery to assist motor 105 ^m the 
countercunrent blowdown eompartments 114 and 115. For simj^icity, exhauster 103 maybe 
35 replaced by throttling orifices as eountercurrent blowdown pressure letdown means from 
compartments 114 and 115. 

In some embodiments, the lower pressure of the PSA cycle is subatmospheric. Exhauster 
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103 is then provided as a vacuum pump, as shown in FIG. 4B. Again, Ae vacuum pump may be 
multistage or split stream, with separate stages in series or in parallel, to accept countercurrent 
blowdown Yearns exiting their compartments at woridng pressures greater than the lower pressure 
which is the deepest vacuum pressure. In FIG. 4B, the early countercurrent blowdown stream fiom 
5 compartment 1 14 is released at ambient pressure directly to heavy product delivery conduit 104. I^ 
for simplicity, a single stage vacuum pump were used, theoountepcurroit blowdown stream from 
compartment 1 15 is throttled down to the lower pressure over an orifice to join the stream from 
compartment 1 16 at the inlet of the vacuum pump. 

If Ae feed gas is provided at an elevated pressure at least equal to the higher pressure of &e 

10 PSA cycle, as may conveniently be &e case of a hydrogen PSA operating witfi«.g. medianol 

refoimate feed, compressor 101 would be eliminated. To reduce energy losses from irreversible 
. - - r- throttling over orifices to supply feed pressurizationxiompartments e.^. 1 1 1 , the number of feed 

pressurization stages may be reduced, sot that adsorber repressurization is largely achieved by product 
pressurization, by badcfill from light reflux steps. Alternatively, ^mpressor 101 may be replaced in 

15 part by an expander which expands feed gas to a feed pressurization ^mpaitment, e.g. Ill, fiom flie 
feed supply pressure of the higher pressure to the intermediate pressure of that compartment, so as to 
recover energy for driving a vacuum pump 103, which reduces the lower pressure below ambient 
pressure so as to enhance the PSA process performance. 

FKjS.~5A and 5B show the second stator valve face, at section 1€-17* of FIG. 1. Open ports 

20 of the valve &ce are second valve function ports communicating directly to a light product delivery 
compartment 121; a number of light reflux exit compartments 122, 123, 124 and 125; and the same 
number of light reflux return compartments 126, 127, 128 and 129 within the second stator. The 
second valve function ports are in the annular ring defined by circumferential seals 4 3 1 and 1 32. 
Each pair of hght reflux exit and return con^artments provides a stage of liglht reflux pressure 

25 letdown, respectively for the PSA process functions of supply to baclcfill, full or partial pressure 
equalization, and cocurrent blowdown to purge. " " 

lUustrating the option of light reflux pressure letdown with energy recovery, a split stream 
light reflux expander 140 is shown in FIGS. 1 and 5 A to provide pressure let-down of four light reflux 
stages with energy recovery. Light reflux expander 140 provides pressure let-down for each c^four 

30 light reflux stages, respectively between light reflux -exit and return compartments 122 and 129, 123 
and 128, 124 and 127, and 125 and 126 as illustrated. The light reflux expander 140 may power a 
light product booster compressor 145 by drive shaft 146, which dehvers the oxygen enriched light 
product to oxygen delivery conduit 147 compressed to a deliveiy pressure above the higher pressure 
of the PSA cycle. 

35 Since ^e hght reflux and light product have approximately the same purity, expander 140 

and li^t product compressor 145 may be hermetically enclosed in a single housing, which may be 
conveniently integrated with the second stator as shown in FIG. 1 . This configuration of a 
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"tuibocompressor" light product booster wiftout a 5q>arate drive motor is advantageous, as a usefid 
pressure boost of the light product can be achieved without an external motor and corresponding shaft 
seals, and can also be very compact "when designed to operate at very high shaft speeds. 

FKj. 3B shows the simpler alternative of using a Arotde orifice 150 as the pressure letdown 
5 means for each of the light reflux stages. 

Turning back to FIG. 1, compressed feed gas is supplied to compartment 113 as indicated by 
arrow 125, while heavy product is exhausted from compartment 1 17 as indicated by arrow 126. The 
rotor is supported by bearing 160 with shaft seal 161 on rotor drive shaft 162 in the first stator 8, 
which is integrally assembled with Ae first and second valve statojs. The adsorber rotor is dTiv€n by 

1 0 motor 163 as rotor drive means. 

As leakage across outer circumferentia] seal 13 1 on^e second valve face 1 1 may 
compromise light product purity, and more importantly may allow ingress of humidity into the second 
ends of the adsorbers which could deactivate the nitrogen-selective or CO-selective adsorbent, a 
buffer seal 170 may be included to provide more positive seding of buffer chamber 171 between 

15 seals 131 and 171. Even diou^ the working pressure in some zones of the second valve face may be 
subatmospheric<in the case that a vacuum pump is used as exhauster 103), buffer chamber is filled 
with dry light product gas at a buffer pressure positively above ambient pressure. Hence, minor 
leakage of li^t product outward may take place, but humid feed gas may not leak into the buffer 
chamber. In order to further minimize. leakage and to reduce seal fictional torque, buffer seal 171 

20 seals on a sealing ftice 172 at a much smaller diameter Him tiie diameter of circumferential seal 131. 
Buffer seal 170 seals between a rotor extension 175 of adsorber rotor 4 and the sealing face 172 on 
the second valve stator 9, with rotor extension 175 enveloping the rear portion of second valve stator 
9 to form buffer chamber 171. A stator housing member 180 is provided as structural coimection 
betvi'een first valve stator 8 and second valve stator 9. Direct porting of adsorbers to the stator &ce is 

25 an alternative to providing such seals and is deso-ibed in commonly-owned, co-pending U.S. 

Provisional Application No. 60/301,723, filed June 2872001, and incorporated herein by refer^icc. 

In the following s>'stem figures of this disclosure, simplified diagrams will represent a PSA 
apparatus or module. These highly simplified diagrams will indicate just a single feed conduit 181 to, 
and a single heavy product conduit 182 fit>m, the first valve face 10; and the light product delivery 

30 conduit 1 47 and a single representative light reflux stage 1 84 with pressure let-dov^ means 

communicating to the second valve face 11. Reference numerals pertaining to PSA units as described 
above will be unprimed for an oxygen enrichment PSA or VPSA unit, and primed for a hydrogen 
purification PSA or VPSA unit Any type of gas separation device could be substituted for the PSA, 
including other types of adsorption modules or gas membrane separation systems, although rotary 

35 PSA systems currently are deemed preferred systems. The disclosed systems and processes also 
could be used with ftiel cell types other tiian PEM fuel cells. 
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FTfi.ii 

FIG. 6 shows a fuel cell power plant 200 comprising a fuel cell 202, a steam reforming fuel 
processor 204, a hydrogen purification PSA sj-stem 205, and an oxygen enrichment VPSA system 
206. Fuel cell 202 emprises an anode diannel 208 including an anode gas inkt 210 and an anode 
5 gas outlet 212, a cathode channel 214 including a cathode gas inlet 216 and a cathode gas outlet 21 8, 
and a PEM electrolyte membrane 220. Membrane 220 cooperates with ihe anode channel 208 and the 
cathode chaimel 214 to facilitate ion exchange between the anode channel 208 and die cadiode 
channel 214. 

The oxygen VPSA system 206 extracts oxygen .gas from feed air, and typically con^riscs a 

10 PSA rotary module 1 and a compressor 101 for delivering pressurized feed air to Ae feed 

compartments of the rotary module 1 . The oxygen VPSA s>'st€m 206 includes a vacuum pump 103 
coupled to die compressor 101 for withdrawing nitrogen enriched gas as heavy product gas from flie 
blo>K"down and exhaust compartments of die rotary module 1, and discharging the nitrogen enriched 
gas from conduit 225. The adsorbs 3 of rotary module 1 have a first zone 26 loaded with a suitable 

1 5 desiccant such as alumina gel for substantially removing water vapor, and a second zone 27 loaded 
with a zeolite, generally nitrogen-selective zeolite. Dry oxygen enriched air as the light product^gas 
of VPSA module 1 is delivered by conduit 147 to water managancnt chamber 230 for humidification, 
and thence by conduit 231 to cathode inlet 216. A portion of the oxygen reacts with hydrogoi ions 
when electric current is generated, to form water in the cathode. The cathode exhaust gas now 

20 containing a reduced amount of oxygen -(but still typically oxygen-enriched well above ambient air 
composition) is withdrawn from cathode exit 21 8 by conduit 232. A portion of the cathode exhaust 
Hgas is removed fromeonduit 232 4)y conduit 233 and flow control valve 234, and may either be 
vented to atmosphere for purging nitrogen and argon accumulations, or else returned to the first valve 
face 10 of PSA module 1 as a feed pressurization^tream at an intermediate pressure below the higher 

25 pressure of the PSA eycle. The remaining cathode exhaust-gas is supplied to suction port 240 of an 
ejector 242, whidb 'serves as cathode gas recirculation means. Ejector 242 receives enriched oxygen 
from conduit 147 through nozzle 244, which drives recirculation of cathode exhaust:gas from suction 
port 240, mixes the enriched oxygen and recirculating cathode exhaust^gas before pressure recovery 
in diffuser 246 and delivers the combined oxygen enriched tgas ^eam to water management chamber 

30 230 where excess water is condensed. The excess water is either e^diausted 4irou^ valve 250, er else 
is delivered as wat«- reactant to foel processor 204 by watw pump 252-through conduit 254. 

A hydrocarbon fuel, supplied to the fuel processor 204 by a feed pump or compressor 260, is 
combined with ^'ater from conduit 254, and is vq)orized and preheated in heat exchanger 262. The 
preheated stream of fuel and steam is dien admitted to steam reforming catalytic diamber 264, which 

35 is heated by burner 266 whose flue gas heats Ae heat exchanger 262. In the example that Uie fuel is 
methane, the following steam reforming reactions take place: 
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ai4 + HsO-»CO + 3H2 
CH4+ 2H2O CO2 + 4H2 
The resulting refonnate or "^gas"<diy composition approximately 70% Ha with rou^y 
equal amounts of CO and CO2 as major impurities, and unreacted CH4 and N3 as mintH- inq>urities) is 
5 cooled to about 250^C, and 4en passed to iStie water gas shift reaction zone 268 for reacting most of 
tiie CO with steam to produce more H3 andCOjz 

CO + H20->C02 + H2 
The hydrogen ridi refonnate stO! contains about l%to 2% CO ^ot water gas sfa^ doi^ 

10 with substantia] amounts of carbon dioxide and water v^r. For high performance and longevity of a 
PEM fuel cell, it CO concentration should be reduced well below lOO ppm and preferably below 10 
ppm. Consequentiy, the impure refonnate is admitted by conduit 270 to the higher pressure feed port 
of hydrogen PSA unit 205, including rotary PSA module 1*. Adsorbers 3* of rotary module 1' have a 
first zone 26* loaded with a suitable desiccant, such as alumina tgelj^for substantial removal ^f water 

15 vapor, a second zone 27' loaded wilh an adsorbent selective for CO removal, and at least partial bulk 
removal 0TCO2, and a third zone 28* loaded with an adsorbent suitable for further removal ofCO and 
at least partial removal of other impurities, such as N2. There can be numerous combinations and 
variations of suitable adsorbents for the three zones of the hydrogen PSA adsorbers, as already recited 
above. These zones may be discrete, may have diffused boundaries, or in some embodiments the 

20 materials selected for each zone may be homogeniously moved. 

Purified hydrogen light product from the hydrogen PSA module T is delivered by conduit 
147* to an ejector 242' which is a recirculation means for partial recirculation of hydrogen rich anode 
gas toough fuel cell anode diannel 208. The hydrogen rich gas from ejector 242* is delivered to 
anode inlet 21D, passed through anode channel 208, and ^ben exhausted from anode exit 212 in part 

25 back to the suction inlet of ejector 242*. Recirculation ofanode^gas through the ^'ector 242' is 

optional, soUhis ej»:tor maybe omitted. The remaining portion of^e anode exhaust gas (or all of it 
in the case that ejector 242* is omitted) is conveyed by conduit 280 back to a feed pressurization-port 
in the first valve surface 10' of hydrogen PSA module 1*, so as to retain hydrpgcn within Ac s>'stem 
while using the hydrogen PSA imit to reject impurities from the anode gas loop. A lai^er fraction of 

30 anode^ is recycled in this manner hack to the PSA unit when adsorbent and PSA process 

combinations are selected that remove CO almost completely while alloviing some passage of other 
impurities such as N2 and perhaps someC02. Conversely, cMily a small amount of anode exhaust igas 
is recycled back to the PSA to prevent inadvertent impurity accumulations, when the adsorbents and 
PSA cycle are designed to achieve high purity hydrogen with nearly compete removal of CO and 

35 otiier impurities as well. 

Exhaust second product gas from tfie hydrogen PSA module 1* is exhausted from valve fiace 
10' by conduit 285 to burner 266. 
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It wfll be understood by Aosc of ordinary skill in flie art that tfie hydrogra PSA unit of Ais 
invention, with the above specified combinations and variations of adsorbents in the sequential zones 
of the adsorbers, may «be applied in conjunction with alternative fuel processors, including partia] 
oxidation or autothermal reactors for processing of heavy as well-as light hydn>carbon fuels to 
5 generate hydrogen ridi reformate, from which CO and o&er impurities must be removed. 

FTfiS. 7-9 

FKjS. 7-9 show a fuel cell powCT plant 200 tiiat includes a fuel cell 202, a steam reforming 
fuel processor 204, a hydrogen purification PSA system 205, and an oxygen enrichment PSA or 

10 VPSA system 206. Fuel cell 202 comprises an anode channel 208 incluiOng an anode^as in]et2]0 
and an anode gas outlet 212, a cathode channel 214 including a cathode gas inlet 216 and a cathode 
.gas outiet 218, and a PEM electrolyte membrane 220, Membrane 220 cooperates with the anode 
channel 208 and the ca^ode channel 214 to facility ion exchange between the anode channel 208 
and the catfiode channel 214. 

15 The oxygen PSA or VPSA s>'stem 206 extracts oxygen^gas from feed air, and comprises a 

PSA module 1 , typically a rotary module 1 , and a compressor 101 for deli vering pressurized feed air 
to the feed compartments of the rotary module 1. Nitrogen enriched ^as as heavy product gas from 
the blowdown and exhaust compartments of the rotary module 1 is withdrawn by conduit 182, either 
for discharge directly by atmosphere as inTIG. 7 or to a \'acuum pump 103 for discharge -as in F3G. 8. 

20 The adsorbm 3 of rotary module I have a first zone 26 loaded with a suitable destccant, such as 
alumina -gel, for substantia] removal of vrsX& vapor, and a second zone 27 loaded with a nitrogen- 
selective zeolite. Dry oxygen enriched air as the light product ^ of VPSA module I is delivered by 
conduit 147 to humidification chamber 230 and ^ence by conduit 231 to cathode inlet 216. A 
portion of the oxygen reacts with hydrogen ions when electric current is generated, to form water in 

25 the cathode. The cathode exhaust^gas now containing a reduced amount of oxygen «(but still typically 
oxygen-enriched well above ambient air composition) plus water is withdrawn from cathode exit 2 18 
by conduit 232 to separator 233. 

in FIGS. 7 and 8, a portion of the humid ca^de exhaust -gas <or water tx)ndensate) is 
removed fix)m separator 233 by conduit 234, which transfers water and any recycle oxygen back to 

30 humidification chamber 230 for recirculation through cathode diannel 2 1 4. Any ox}fga] recirculation 
tiirougfa conduit 234 must be driven by appropriate recirculation pressure boost means, such as a 
blower or an ejector. 

If fuel processor 204 in FIGS. 7 and 8 is a partial oxidation or autoUiermal i^ormer, the 
remaining oxygen (plus any accumidated argon and nitrog^) and the fuel cell product water are 
35 delivCTed fix)m separator 233 by conduit 235 to the fuel processor 204. This deliveiy of cathode 
exhaust to the reformer provides enriched oxygen to assist the partial oxidation or autothermal 
reforming process, together with water product of the fuel cell as vapor and condensate, and also 
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carries some fuel cell waste heat to assist in cooling Uie fuel cell stack while preheating reactants to 
the reformer. If fuel processor 204 in FIGS. 7 and 8 is a steam refoming reactor, the fuel cell product 
water condensate is delivered from separator 233 by conduit 235 to the fuel processor 204. In &at 
event, accumulations of argon and nitrogen in the ca&ode channel 214 can be recycled from separator 
5 233 back to the oxygen PSA unit 1 as shown in FIG. 9 by conduit 236 to the first valve &ce 10 of 

PSA module 1 as a feed pressurization stream at an intermediate pressure below the higher pressure of 
the PSA cycle, or else purged to atmosphere. 

A hydrocarbon fuel is supplied to the fuel processor 204 by a feed pump or compressor 260, 
combined with water from conduit 235, and vaporized and preheated in heat exdianger 262. The 
10 preheated stream of fuel and steam is then admitted to refomiingcatalytic chamber 264. In the 
example &at the fuel is methane, the following steam reforming reactions take place, 

rH4 + H20-^<:0 + 3H2 

CH4 + 2H2O CO2 + 4H2 
in addition to partial combustion in ihe case of an autodiennal reforaien 

15 

ai4+l/20a--^<X) + 2H2 
The resulting refomiate or "syngas" (dry composition approximately 70% Ha with roughly 
equal amounts of CO and GO2 as major impurities, and unreactedCH4 and N2 as minor impurities) is 
cooled to about 250**C, and then passed to the watery shift reaction zone 268 for reacting most of 
20 the CO with steam to produce more H2 and<X>2: 

CO + H20-^C02 + H2 
The hydrogen rich reformate still contains about 1% to 2% CO after water gas shift, along 
witi) substantia] amounts of carbon dioxide and water vapor. For high performance and longevity of a 

25 PEM fuel cell, it CO concentration should be reduced well below 100 ppm and preferably below 1 0 
ppm. Consequently, the impure refoimate is admitted^by conduit 270 to the higHw pressure feed port 
of hydrogen PSA unit 205, including rotary PSA module 1'. As described above, the adsorbers 3' of 
rotary module 1 ' have a first zone 26* loaded with a suitable desiccant, such as alumina gel, for 
substantial removal of water vapor, a second zone 27' loaded witii an adsorbent selective for CO 

30 removal, and at least partial bulk rennoval of COa, and a third zone 28' loaded with an adsori>ent 

suitable for further removal of residual CO and at least partial removal of other impurities, such as N2. 

Purified hydrogen light product from the hydrogen PSA module 1' is delivered hy conduit 
lAT to anode inlet 210, passed through anode channel 208, and Aen exhausted from anode exit 217 
back to a feed pressurisation compartment in the first valve suifecc 10' of hydrogen PSA module 1 *. 

35 This s>'stem retains hydrogen witfiin the fiiel cell anode loop, including conduits 147* and 280, and 
anode channel 208, while using the hycfrogen PSA unit 1' to reject impurities that otherwise would 
accumulate on the anode 208. 
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Exhaust second product gas from the hydrogen PSA module V contains water vapor, COa, 
and combustible values including Hj, CO and any unreacted fuel from the refonner. This gas is 
exhausted from valve fece 10* by conduit 285 to low pressure burner 290, where this fuel is oxidized 
completely, possibly over a suitable catalyst to ensure^ble combustion of this lowBTU^gas md to 
5 suppress NOx formation. Burner 290 delivers hot products of combustion to beat exchange channel 
292, whidi is in countercurrent thermal contact for heat recovery to reformer reactor zone 264 and 
prebeater zone 262. After cooling in channel 292 and fialher cooling in heat exchang«^ 296, the flue 
gas from burner 290 is discharged to atmosphere by exhaust conduit 294. 

The hydrogen PSA module purifies the hydrogen so as to rmove essentially all 

1 0 contaminants deleterious to ^e fuel cell anode, including unreacted &e] components such as 

methanol, as well as incompletely reacted fuel components such as CO, and also other contaminants 
such as hydrogen sulphide and halogens that might originate with fiiels such as landfill^as. The 
heating value of all such fuel byproduct impurities in the hydrogen is recovered by combustion of the 
PSA tail'gas, to heat die fuel processor and/or an auxiliary thermal engine cycle powenng auxiliary 

1 5 compression loads and possibly other mechanical loads. As methanol is harmful to P£M fuel^lls, 
prior art methanol refr>nners for PEM fuel cells have been designed to achieve very high -conversion 
to minimize methanol slip into the hydrogcn-rich rcformatc gas, hence requiring a large catalyst 
inventory in a correspondingly large reactor vessel. The presently disclosed processes and systems 
allow methanol reformers to operate with relatively ^eater slip of methanol into the reformate gas 

20 <syngas), as that gas will be purified by the hydrogen PSA module to remove tfie methanol impurity 
from the hydrogen and deliver it to Ae hydrogen PSA tail *gas for recovery of its heating value by 
useful combustioa Hence, a methanol reformer can advantageously be designed to operate at less 
high necessary conversion of methanol, thus reducing the required methanol -reformiiig catalyst 
inventory and reactor vessel size. 

25 Fuel processor 204 is also theraially integrated wth a high pressure bum^ 300, to whidi a 

portion of the fuel from fuel pump 260 naay be introduced by conduit 301. Compressed air is 
supplied to burner 300 from feed compressor 101 through conduit 302, heat exchanger 296<for 
recuperative beat exchange from exhaust flue gas) and heat exchange channel 304, which is in 
countercurrent thermal contact for heat recovay from water gas shift reaction zone 268 and reformer 

30 reactor zone 264 if the reforming reaction incl udes partial oxidation for net exodiermicity. Hot 

products of combustion [including nitrogen and unreacted oxygen] from combustion chamber 300 are 
conveyed by conduit 3 10 to expander turbine 3 1 5, coupled by shaft 3 1 6 to compressor 101. The 
combination of compressor 101 and e}q}ander 315 are ^own as a free rotor tuibocompressor 320, 
similar to an automotive turbochaiger. Alternatively a drive motor or a generator may be coupled to 

35 shaft 3 16, for starting, power assist, or net energy delivery. In FIGS. 7 and 8, a blower 330 driven by 
motor 332 is provided to boost the inlet pressure to compressor 101, if desired to assist tfie 
compression of feed air in normal operation, but typically only as a starting device to initiate rotation 
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of turbocompressor 320, in which case bypass valve 334 is opened during nonna] operation after 
starting. 

The^till hot gas discharged by -expander 315 is disdia^ged by ^nduit 336 4o low pressure 
burner 290, providing heat and oxygen to support catalytic combustion iherein. Siq)p]einenta] air or 
5 oxygen may be provided to low pressure burner 290 if required during starting or any phase of normal 
opers^on. 

While FK5. 7 sho^^'S an wnbodiincnt whost lower working pressure is atmospheric, FIG. 8 
shows an embodiment with vacuum applied to the oxygen and hydrogen PSA units to improve their 
p^fonnance, perhaps to enable a reduced woridng pressure of Hie fuel -cell. Of -course, separate 

1 0^ vacuum pumps could be provided for each of fte oxygen and hydrogen PSA units. Vacuum pump 
338 receive the second product -exhaust gases at subatmospheric pressure from both the oxygen PSA 
1 and tfie hydrogen PSA V by respectively conduits 182 and 182', and delivCTS theoombined stream 
to the catalytic low pressure burner 290 by conduit 285. Vacuum pump 338 is provided as a 
turbocompressor 340 wi& expander 345 driving punq) 338 tfirough shaft 346. Expander 345 is 

15 arranged in parallel or series with expander 315 to expand hot gas delivered by conduit 310 from hi^ 
pressure burner 300. 

The combustion turbine embodiments for powering auxiliary compression machinery have 
the important advantage of using readily available and low cost turbocharger equipmrat 'FIG. 9 
shows an alternative embodiment using a rotary internal -combustion engine 400 to power 

20 compressor 101 and optional vacuum pump 103 of the oxygen PSA 206 by shaft coupling 405, while 
itself providing vacuum suction if desired for tiie hydrogen PSA 205. The engine 400 may also power 
any other compressors or vacuum pumps that may be provided for the hydrogen PSA 205 as well as 
any auxiliary devices such as an electric genmtor. Engine 400 is fuelled, at least in part, by 
hydrogen PSA tail gas, and has a starter motor 410<or supplemental power output generator 410). 

25 Engine 400 may be any type of combustion^gine such as an internal combustion engme or 

a combustion-enhanced tiffbbcharger, but is here shown as a Wankel engine. Worfdng chambers 412 
are defined between rotor 414 and casing 415. The rotor is coupled to drive shaft 405 by internal 
gear416. An intake port 421, exhaust port 422 and spark plugs 423 are pro\ided in casing 4 15. A 
water cooling jadcet 425 is pro\'ided. The engine has an air filter 426 delivering air to carburetor 427, 

30 and to intake port 42 1 . The carburetor mixes fte air with hydrogen PSA exhaust gas delivered by 
exhaust conduit 182* to carburetor 427. 

FIG. 9 shows details of an illustrative water management system. Product w^r of fuel cell 
202 is captured in separator 233 diat includes a cooling coil 430, and is delivered to liquid water 
manifold 432. A portion of die \^ttter may be delivered from manifold 432 to pump 435, and thence 

35 by flow control 436 to Ae oxygen humidificadon chamber 230 and by flow control 437 to engine 
cooling jacket 425. Hot U'ater from the engine cooling jadcet is flash evaporated and delivered 
through depressurization orifice 485 and conduit 486 to methanol reforming reactor catalyst zone 
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264, which in turn is in heat exchange contact with the engine exhaust in channel 440. Engine 
exhaust is delivered from exhaust port 422 via. conduit 442 to channel 440 for exhaust heat recovery 
to the endothermic metfianol vapor phase reforming reaction in reactor zone 264, and fbcn through 
emission control afta-*treatmait catalyst 443 and'Cxhaust pipe 444 to atmosphere. 
5 Reformate hydrogen is delivered from reactor zone 264 by conduit 4S0 to feed hydrogen 

PSA unit 205. A portion of the reformate may be diverted to carburetor 427 torn conduit='450 by 
flow control 452 as supplemental fuel for engine 400. 

A portion of the water condensate fi^m sq)arator 233 may be delivered via conduit 434 by 
pump 460 to liquid fuel nuxing diamber 465, which also receives liquid methanol fuel delivered by 

10 fiiel pump 260. The flow ratesof punq>s 260 and 460 arc adjusted to achieve a desired concentration 
ratio of the water/methanol mixture exiting the mixing chamber 465 by conduit 466 delivering this 
mixture as fuel cell ^ck-coolant circulated through cooling passage 468 through thefiiel eel] stack 
202. The coolant pressure is maintained high enough to maintain it in the liquid phase within the 
cooling passage. The methanol present in die mixture may provide useful antifreeze properties to the 

15 coolant mixture. A portion of the water/meOianol mixture coolant exiting coolmg passage 468 is flash 
evaporated in separator 474 by depressurization valve 475 to approximately the working pressure of 
reforming reactor zone 264, and the resulting vapor mixture is delivered by conduit 480 to ^e 
reforming reactor catalytic zone 264. The balance of the wato^/methanol mixture coolant is 
repressurized and recirculated by pump 470 through cooling radiator 471 to reject fuel cell stack heat 

20 diat has not been recovered to vaporize the water and methanol reactants. Ahematively, a 

water/methanol mixturecould be delivered to the engine -cooling jadcet 425, vaporized, and then 
delivered to a reforming reactor. 

If desired, the recovered water from the fuel cell could be delivered to only the cooling 
passage 468 or engine cooling jadcet-425. Alternatively, water from an outside source could be 

25 delivered to cooling passage 468 and mixed with hydrocarbon ^el or wter 'fix)m an outside sourtse 
CGuid be delivered to the engine cooling jacket 425. 

Alternatively, the embodiment of HG. 9 may be adapted so that steam reforming of 
methanol vapor is eonducted in Ae hydrogen PSA unit 205. The metisanol reforming reaction zone es 
described above may be removed from dianncl 264 to the second zone 27* of the hydrogen PSA unit 

30 205. Channel 264 being heated by engine exhaust in diarmel 440 is used only to preheat die reactant 
mixture of methanol vapor and steam, in the hydrogen PSA unit 205, first zone 26' contains an 
adsorbent selective for carbon dioxide in Ae presence of steam and methanol vapor, e.g. promoted 
hydrotalcite at a woricing temperature of the first zone at about 3O0® to 450**C. Second zone 27' 
contains ^e methanol reforming catalyst, e.g. Cu-&iO, which is also active for watery shift, at a 

35 working tempmture of about 150^ to 300''C. The third zone 28' contains an adsorbent selective for 
steam and methanol vapor, e.g. alumina, 13X or a hydrophobic zeolite such as Y zeolite or silicalite, 
at a working temperature of about 150"* to 80**C . A hydrophobic adsorbent can be more selective for 
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methanol vapor Ifaaa water vaopour, thus ensuring that a sufficiently high steam^ethanol ratio is 
maintained throughout the reaction zone, and also perhaps allowing some slip of water to humidify 
the hydrogen product 

Accordingly, essentially IWVo conversion and se2ectivity:(equiva]ent to substantially 
5 complete removal of<X)) are achieved in die reaction of steam meAanol reforming: 

CH30H + H20-^C02 + 3H2 
The systems shown in FJCS. 6-9 are only examples and other systems with difference 
arrangemoits of devices and conduits, or wi& additional or fewer devices and conduits could also be 
10 used. 
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WECLAIM: 

1 . A process for providing a hydrogen-containing gas stream to-at least one iuel cell 
anode, comprising: 

5 providing a hydrogen-containing feed gas stream &at includes at least one contaminant; 

introducing the hydrogen-containing feed gas stream into-an adsorption module having at 
least a first adsorbent and at least one second material selected from a second adsorbent, a steam 
reforming catalyst, and a water gas shift reaction catalyst, wherein the first adsorbent and the second 
adsorbent are cbemicaUy distinct and at least cme of the first adsorbent or the second adsorbent 
10 preferoitially adsoiijs the contaminant in the hydrogen-containing feed gas stream to produce a 
purified hydrogen-containing gas stream; and 

introducing die purified hydrogen-containing gas stream to the fuel cell anpde. 



2. The process according to claim 2, wherein the contaminant is carbon monoxide and 
1 5 at least one of the first adsorbent or second adsorbent comprises a carbon monoxide-selective 

adsorboit 

3. The process according to claim 2, wherein the carbon monoxide-selective adsorbent 
is selected fit)m Na-LSX,Ca-LSX, Li-LSX, Li-exchanged chabazite, Ca-exchanged diabazite, Sr- 

20 exchanged chabazite, a "Cu(I)-<^ntaining material, a Ag(I)-containing materia], or a mixture tiiereof. 

4. The process according to claim 1 , further comprising introducing the hydrogen- 
containing feed ;gas stream into the adsorption module at a temperature of about 80*C to about 200**C. 

25 5. The process according to claim 1, fiirther comprising at least one additional 

adsorbent '"^ - - 

6. The process according to claim 1, wherein the adsorption module comprises a 
rotary pressure swing adsoiption module. 



30 



7. Hie process according to claim 1, whmin the fuel ceU comprises a polymer 
electrolyte membrane fuel cell. 



35 



8. The process according to claim 1 , further comprising providing a reforming or 
partial oxidation s>'stem that produces the hydrogen-containing feed gas stream. 
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9. The process according to claim 2, >^erein the carbon monoxide-selective adsorbent 
is selected from a Cu(I>containing material, a Ag(I)-containing material, or a mixture thereo£ 

10. The process according to claim 1, Mdierein the first adsorbent preferentially adsorbs 
5 carbon dioxide compared to >vater vapor. 

1 1. Tlie process according to claim 1, whwein the first adsorbent comprises an alkali* 
promoted material and at least one of the steam refonning catalyst and the water gas shift reaction 
catalyst is present 

10 

1 2. The process according to c] aim 1 1 , wiierein the steam refonning ^catalyst is selected 
from a methanol steam reforming catalyst or a methane steam reforming-catalyst 

13. A process for providing a hydrogen-containing gas stream to at least one fiidxell 
1 5 anode, comprising: 

providing a hydrogen-containing feed ^ stream -that includes at4east a first contaminant 
and at least a second contaminant; 

preferentially separating at least a portion of the first contaminant from ^e hydrogen- 
containing feed gas stream in a first separation zone; 
20 preferentially separating at least a portion of the second contaminant from the hydrogen- 

containing feed gas stream in a second separation zone; and 

introducing die resulting purified hydrogen-containing gas stream to iht fiiel cell anode. 

14. The process according to claim 13, herein the first contaminant is water vzpor and 
25 die second contaminant is at least one carbon oxide. 

15. The process according to claim 13, wherein the preferential separation of the first 
contaminant occurs prior to the pref^ential separation of die second contaminant 

30 16. The process according to claim 1 3 , wherein die first separation zone comprises a 

'first adsorbent bed and the second separation zone comprises a second adsoiption bed. 

1 7. The process according to claim 13, wherein the preferential separation of the first 
and second contaminants occurs via adsoiption. 

35 

1 8. The process according to claim 13, wherein die hydrogen-containing feed ^as 
stream is produced by a refonning or partial oxidation s>'Stem. 
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19. The process according to claim 13, wherein the fuel cell comprises a polymer 
dectrolyte membrane fuel cell 

5 20. The process according to claim 13, fur&er comprising preferentially sq>arating at 

least one additional contaminant in at least one additional separation zone. 

21. The process according to claim 20, wherein water vapor is prefo-entiaDy separated 
in the first separation zone, caibon dioxide is preferentially s^arated in the second separation zone, 

1 0 and carbon monoxide is sqiarated in a third sq>aration zone. 

22. The process according to claim 21, wherein the first separation zone comprises a 
desiccant, the second separation zone comprises a zeolite, and the third separation zone comprises a 
zeolite. 

23. The process according to claim 13, wherein the first or second contaminant 
comprises carbon monoxide and the process fuither comprises reacting the carbon monoxide witii 
water vapor in the first or second separation zones. 

20 24. A process for providing a hydrogen-containing ;gas stream to at least one iuel cell 

anode, comprising: 

providing a hydrogen-containing feed^gas stream that includes at least a first contaminant 
and at least a second contaminant; 

contacting tiie hydrogen-containing feed gas stream wifli at least a 'first adsorbent and at least 
25 a second adsorbs under conditions sufficient to separate at least a portion of the first contaminant 
and at least-a piStion*'of the second contaminant fi-om tiie hydrogen-containing feed gas stream; and 

introducing the resulting purified hydrogen-containing ;gas stream to die fuel cell <anode. 



15 



25 . A process for separating carbon monoxide fix>m a hydrogen-containing gas stream 
30 tiiat is provided to at least one fuel cell ^ode, comprising: 

providing a hydrogen-containing feed gas stream that includes cait on monoxide; 
providing at least one rotary pressure swing adsorption module tfiai includes at least one 
adsoii>ent selected fi-om Na-LSX Ca-LSX, Li-LSX, Li-exchanged chabazite, Ca-excbanged 
chabazite, Sr-exchanged diabazite, a CXi(I)-containing material, a Ag(I)-containing material, or a 
35 mixture ti)«*eof; 
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mtroducing the hydrogen-containing feed gas stream into the rotary pressure swing module 
to separate at least a portion of the carbon monoxide from the hydrogen-containing feed .gas stream; 
and 

introducing tibe resulting purified hydrogen-containing gas stream into &e fuel cell anode. 

5 

26. The process accor<iing to claim 25, wherein the adsorbent comprises a Cu(I)- 
containing material, a Ag(I)-containing material, or a mixture th^eol 

27. A process for providing a hydrogen-containing-gas stream^o at least one fuel cell 
10 anode, comprising: 

providing a hydrogen-containing gas stream that includes carbon monoxide; 

introducing the hydrogen-containing gas stream into a pressure swing adsorption module that 

includes at least one carbon monoxide-selective adsorb^t to produce a purified hydrogen-containing 
•gas stream; and 

1 5 introducing the purified hydrogen-containing gas stream to the fuel <«11 anode. 

« 

28. A process according to claim 27, wfa«-ein the carbon monoxide-selective adsorbent 
comprises a ■Cu(I)-containing material, a Ag(I)-containing material, or a mixture tfiereof. 

20 29. A process for providing a hydrogen-containing gas stream to at least one fuel cell 

anode, comprising: 

providing an oxygen-enriched <gas stream; 

providing a mixture of the oxygen->enriched:gas stream and a fuel in an autothrnnal 
refonning or partial oxidation reaaor to produce a hydrogen-containing gas stream that includes at 
25 -least one carbon oxide contaminant; 

separating at least a portion of the carbon oxide contaminant from the hydrogen-containing 
gas stream; and 

introducing the resulting purified hydrogen-containing gas stream into ^e fuel cell anode. 

30 30. The process according to claim 29, further comprising providing a pressure swing 

adsorption module for producing the oxygen-enriched gas stream. 

31. An electrical current generating system comprising: 
a hydrogen-containing gas source; 
35 at least one adsorption module that can at least partially purify the hydrogen-containing gas, 

wherein the adsoiption module includes at least a first adsorbent and at least one second material 
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selected from a second adsorbent, a steam reforming catalyst, and a vmer gas shift reaction catalyst, 
the first adsoitent and the second adsoi^t being chemically distinct; and 

at least one fuel cell tlefining an anode inlet ^at can receive the purified hydrogen* 
containing gas stream fi-om the adsorption module. 

5 

32. The system according to claim 3 1 , wherein the hydrogoi-containing gas source 
comprises a reformer or paitial oxidation reactor. 

33. The system according to claim 3 1 , wherein the adsorption module comprises a 
10 rotary pressure swing adsorption module. 

- - 34. The system according to claim 3 1 , wha*ein the first adsorbent is disposed in a first — 
zone and the second material is disposed in a second zone. 

15 35. „ The system according to claim 34, uifierein the £rst zone and the second zone are 

disposed adjacently along a hydrogen-containing :gas flow path defined in the adsorption module. 

36. The system according to claim 3 1 , further comprising an anode recirculation 
conduit fiuidly communicating between a fuel cell anode outlet and an inlet defined in the adsoiption 

20 module. 

37. The system according to claim 31, wherein at least one of the first adsorbent or 
second adsorbent comprises a carbon monoxide-selective adsorbent. 

25 38. The sysUm according to claim 37, ^lierein the carbon monoxide-selective 

adsorbent is selected fi-om Na-LSX, Ca-LSX," Li*LSX, Li-exchaiiged chabazite/Ca-exchanged 
chabazite, Sr-exchanged chabazite, a Cu(I)-containing material, a Ag(I)-containing material, or a 
mixture thereof. 

30 39. The sj'stem according to claim 3 1 , wherein the steam reforming catalyst or tiie 

water ^as shift reaction catalyst is selected fi-om aCu*^0 catalyst, a transition metal carbonyl 
complex catalyst, or a catalyst comprising a transition group metal inserted into a zeolite ca^e. 

40. The system according to claim 34, further comprising at least one additional zone of 
35 at least one additional adsorbent 
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41. The^em according to claim 31, wberein the first adsorbent preferentially adsorbs 
carbon dioxide compared to water vapor and at least one of the steam refoiming catalyst or the water 
shift reaction catalyst is present 

5 42. The s^'stem according to claim 41, herein the first adsorbent comprises an alkali* 

promoted material. 

43. The system according to •claim 3 1, wherein the carbon monoxide-selective 
adsorbent is selected fi-om a Ci](I)-containing material, a A^)-containing materia], or-a mixture 
10 hereof 



45 . The sj'stOTi according to claim 40, wherein the foet adsorbent comprises a 
desiccant, the second adsorbent comprises a zeolite, and the additional adsorbent comprises a zeolite. 

15 46. The s>'5tem according to claim 31, i^erein at least one oflhe first adsorbent or 

second adsorbent comprises a zeolite, an activated charcoal, or a<}u(I)-containing material. 

47. The system according to claim 32, wherein the reformer or partial oxidation reactor 
comprises a first burner and a second burner. 



. 20 



30 



48. The system according to daim47, ^Aiia-ein the first burner receives an exhaust gas 
fi'om the adsorption module and the second bumer receives a hydrocarbon fiiel. 



49. An electrical current 'generating system comprisii^: 
25 a hydrogen-containing gas source; 

at least one pressure s>^^ng adsorption rooduie fluidly coupled to Ae hydrogen-containiiig 
gas source, the pressure swing adsorption module including at least one carbon monoxide-selective 
adsorbent; and 

at least one fiiel cell anode fluidly coupled to the pressure swing adsorption module. 



^0. The sj'Stem according to claim 49, wherein the carbon monoxide-selective 
adsorbent is selected from a Cu(I)-containing material, a Ag(I)-containing material, or a mixture 
thereof 



35 



51. A 5>'5tem for supplying bydrogoi gas to a fuel cell anode, con^rising: 
a hydrogen gas generating s>'stan tiiat includes an outlet for discharging a hydrogen- 
containing gas that includes at least a first contaminant and a second contaminant; 
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a first contaminant separation zone that fluidly communicates with tiie outlet of the hydrogen 
.gas generating system; 

at least one second contaminant separation zone that ^uidly conmiimicates with the first 
contaminant separation zone and includes an outlet 'for discharging a purified hydrogen ^gas;'and 
5 at least one fuel cell anode that fluidly communicates with the outlet for the second 

contaminant separation zone. 



32. Hie system according to claim 5 1 , whmin the hydrogoi gas generating system 
comprises a reformer or partial oxidation reactor and at least one of the first contaminant or second 
1 0 <x)ntanunant-comprises a carbon oxide. 

53 . The system according to. claim 5 1 , wdierein the first contaminant separation zone 
comprises a first adsorbent and the second contaminant separation zone comprises a second 
adsorbent 

15 

^A. The system according to claims 3, wherein the-first contaminant separation zone 
and the second contaminant separation zone are disposed within-a rotary pressure swing adsorption 
module. 



20 55. A system for supplying hydrogen gas to a fuel cell anode, comprising: 

a hydrogen-containing gas source; 

at least one rotary pressure swing adsorption module that can at least partially purify the 
hydrogen-containing fas, wherein the rotary pressure swing adsorption module includes at least one 
adsorbent selected from Na-LSX, Ca-LSX, Li-LSX, Li-exchanged chabazitc, Ca-exchanged 
25 chabazite, Sr-exchanged diabazite, a CuO)-containing material, a Ag(I)-containing material, or a 
mixture thereof;' and 

at least one fuel cell having an anode inlet that can receive the purified hydrogen-containing 
gas stream from the rotary pressure swing adsorption module. 

30 56. The s>'stem according to claim 55, ^^iierein Ae adsorbent is selected from a material 

that includes a Cu(]>containing material, a Ag(I)-containing material, or a mixture thereof 



57. An electrical current generating system comprising: 
at least one first pressure swing adsorption module having an outlet for disdiar^ging an 
35 oxygen-enriched gas stream; 

an autothermal reforming or partial oxidation reactor that can combust fuel and the oxygen- 
enriched gas stream to produce a hydrogen-containing gas; 
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at least one second pressure swing adsorption module lliat can at least partially purify the 
hydrogen-containing gas; and 

at least one foel cell having an anode inlet that can receive the purified hydrogen-containing 
gas fi-om fte second pressure s\\ing adsoiption module. 

"5 

58. A process for providing a hydrogen-containing gas stream and an oxygen-enriched 
gas stream to a fuel cell, comprising: 

providing at least one first pressure swing adsorption module that produces an oxygen- 
enriched gas stream, &e first pressure swing adsorption module including at least one device selected 
1 0 -from a -first -compressor or first vacuum pump; 

providing at least one second pressure swing adsorption module that produces a purified 
hydrogen gas stream and a separation exhaust^as-stream, the second pressure swing adsorption 
module including at least one device selected from a second 'Conq>ressor or second vacuum pinnp; 

introducing the oxygen-enriched <gas stream and tfie purified hydrogen?gas stream into a fuel 

15 cell; and 

introducing the separation exhaust-gas stream -as a fuel into a combustion engine for driving 
at least one device selected from the first compressor, first vacuum-pump, second compressor, second 
vacuum pump, or an electric gen eri^r. 

20 59. The process according to <;laim 58, further -comprising mixing a portion of the 

purified hydrogen gas stream with the separation exhaust gas stream as a fuel for the combustion 
-engine. 

60. The process according to-claim 58, wherein the fuel-cell produces a cathode exhaust 
25 ^ stream that includes ^'ater and the process further comprisesxooling the combustion engine with 

^the water from the cathode exhaust gas stream. 

6 1 . The process according to claim 60, further comprising \'aporizing the coolant water 
from the combustion engine and introducing the resulting water vapor into a reformer that produces 

30 the hydrogen-containing:gas feed stream. 

62. The process according to claim 58, wherein the combustion engine produces an 
engine exhaust gas stream and the process further conq>rises heating a hydrogen gas generating 
system with the engine exhaust ^ stream. 



35 



63. The process according to claim 58, furthw comprising: 

mixing liquid water and a hydrocarbon fuel stream resulting in a coolant mixture; 



wo 02/35623 



FCT/CA01/0I523 



39 

introducing ti)e coolant mixture into a coolant jacket juxtaposed with the combustioD engine; 

vaporizing tbe coolant mixture to fonn a steam/fuel vapor mixture; 

subjecting the steam/fuel vapor mixture to reaction conditions sufficient -for generating a 
hydrogen-containing gas stream; and 
5 introducing the hydrogen-containing gas stream into the second pressure swing adsorption 

module. 

64. A process for providing a hydrogen-containing gas stream to a fud cell; 
providing a fuel cell defining a coolant passage and an anode inlet for receiving a hydrqgen- 

1 0 containing.gas stream; 

mixing liquid water and a hydrocarbon fuel stream resulting in a coolant mixture; 
- introducing fte coolant mixture into the coolant passage of the fuel cell; 

v^orizing &e coolant mixture to form a steam/fuel vapor mixture 

subjecting the steam/fuel v^or mixture to reaction conditions sufficient fergenerating a 
1 5 hydrogen-containing ^as stream; and 

in^oducing the hydrogen-containingfgas stream intone fuel cell anode inlet 

65. The process according to claim 64, whmin the hydrocarbon fuel stream conq;>rise8 
methanol, etfaanol, or a mixture thereof 

20 

66. The process according to cIaim-64, wherein the vaporizing of the coolant mixture 
comprises flash evaporating of the coolant mixture. 

67. The process according to claim 64, further comprising purifying the hydrogen* 

25 containing gas stream prior to introducing the hydrogen-containing <gas stream into the fuel cell anode 
inlet 

^S. The process according to claim 67, ^^iierem the purification of the hydrogoi* 
containing gas stream occurs via pressure swing adsorption. 

30 

69. The process according to claim 64, whwein the steam/fiiel vapor mixture is 
subjected to reforming or partial oxidation to generate the hydrogen-containing gas stream. 

70. Hie process according to claim 64, wherein Ae fuel cell furdira^ defines a cathode 
35 outlet for discharging a ca^ode exhaust gas stream that indudes cadiode water vapor, ^e process 

further comprising condensing at least a portion of the ca^ode water vapor, separating tise resulting 
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liquid water stream from Ae cathode exhaust gas stream, and mixing the hquid water stream with fbt 
hydrocarbon fuel stream. 

71. An electrical current generating system, comprising: 

5 at least one hydrogen gas separation module &at includes a first outlet for discharging a 

purified hydrogen gas and a second oudet for disdiarging a sq)aration exhaust-gas; 

at least one fuel cell defining an anode inlet &at fluidly communicates with the first outlet of 
the hydrogen gas separation modide; and 

a combustion engine defining a fiiel inlet that fluidly communicates with tfae second outlet of 
10 ^e hydrogen gas separation module. 

72. The sj'stem according to claim 71, wherein the hydrogen.gas separadoiTmodule 
comprises a pressure swing adsoiption module. 

1 5 73. The s)'stem according 4o claim 72, wh^ein ihe hydrogen gas separation module 

- comprises a rotary pressure swing adsorption module. 

74. The system according to claim 71, further comprising at least one first pressure 
swing adsorption module that includes an outlet for dischar^ng an oxygen-enriched ^gas stream and at 

20 least one compressor or pump, wherein a shaft coupled to the combustion engine drives at least the 
compressor or pump. 

75. The system according to claim 71, wherein the fuel cell further defines a cathode 
outlet for discharging a cathode exhaust gas stream itat includes wato*, tfie combustion engine further 

^5 includes a -cooling jacket, and &e s>'stem further comprises a conduit fluidly communicating between 
the fuel cell cathode outlet and the combustion engine cooling jacket^ 

76. The system according to claim 71, further comprising a hydrog^ gas^graerating 
s>'stOT ftat fluidly communicates with the hydrogen gas separation module, wherein Ae hydrogenigas 

30 generating system con^rises a refonner or partial oxidation reactor and die combustion engine -fiirther 
includes a cooling jacket &at defines an outlet for a water stream that fluidly communicates with the 
reformer or partial oxidation reactor. 

77. The s>'stem according to claim 71, wfao-ein the fiiel cell coir^rises a polymer 
35 electrolyte membrane fuel cell. 



78. An electrical current generating s>'5tem, comprising: 
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a fuel cell defining an anode inlet for receiving a hydrogen-containing gas stream, and a 
coolant passage having a coolant inlet and a coolant outlet 

a wat^ source fluidly-conununicating the coolant inlet; 

a hydrocarbon fuel source fiuidly communicating v^itfa the coolant inle^ 
5 a hydrogen gas generating module tiiat includes an outlet for discharging a hydrogen- 

containing gas stream and a fuel inlet that fluidly communicates witii the coolant outlet; and 

a first conduit fiuidly communicating between the hydrogen gas generating module oudet 
and the fuel cell anode inlet 

10 79. The system according to claim 78, u^erein the hydrocarbon fuel comprises 

metfianol, ethanol, or a mixture thereof 

80. Tht system according to claim 78, further-comprising a first pressure swing 
adsorption module for purifying the hydrogen-containing gas stream prior^o introduction of the 

15 hydrogen-containing^gas stream into the fuel cell anode inlet 

81 . The system according to claim 80, wherein the pressure swing adsorption module 
comprises a rotary pressure swing adsorption module. 

20 82. The system according to claim 78, further comprising a pressure swing adsorption 

module that includes an outlet for discharging an oxygen-enriched stream, and a third conduit fluidly 
communicating between the pressure swing adsorption module outiet and a fuelx^ll cathode inlet 

83. The system according to claim 82, wherein ^e pressure swing adsorption module 
25 comprises a rotary pressure swing adsorption module. 

84. The sj'stem according to claim 82, >\iierein the first pressure swing adsorption 
module includes an outlet for discharging a purification exhaust gas, and the system further comprises 
a second pressure swing adsoiption module &at includes a first outlet for discharging an oxygen- 

30 enriched stream and a second outlet for discharging an enrichment exhaust gas, and a third conduit 
fiuidly communicating between the purification exhaust gas outlet, the enrichment exhaust £as outlet, 
and at least one burner for the hydrogen gas generating module. 

85. The system according to claim 78, further comprising a separator fiuidly 

35 communicating with the "Brst conduit for s^arating water fi-om die ca^ode e^diaust gas stream. 



86. The system according to claim 78, wherein the fuel cell fiiiAer defines a ca^ode 
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outlet foT discharging a cathode exhaust gas stream, and the system ftnthcr comprises a second 
conduit fluidly communicating between the fuel cell caAode outlet and the coolant inlet 
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